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Swirling flows are ubiquitous in nature, occurring over a large range of length
scales − on the order of many tens-of-thousands of kilometers in the case of Saturn’s
hexagonal polar vortex, to just a few centimeters in dandelion flight. Most instances
of swirling flow involve momenta competing in two different directions, axial and
azimuthal. Whirling flames (also known as fire whirls) occur at the intersection of
vortical flow fields and buoyant, reactive plumes, and they represent a general class
of flows that may be considered slender vortices involving axial momentum from
heat-release and tangential momentum from air entrainment.
In this work, two previously unexplored characteristics of whirling flames are
considered over a wide range of scales, spanning three orders of magnitude in length
and four orders in heat-release rate. First, emissions of particulate matter (PM)
from fire whirls (FW) were measured and compared to those from free-buoyant pool
fires (PF). For different pool diameters and fuels, FWs showed higher burning rate
and fuel-consumption efficiency, but lower PM-emission rate, leading to lower PM-
emission factors. The lower PM emissions from FWs is attributed to a feedback cycle
between higher oxygen consumption from improved entrainment, higher average
temperatures, increased heat feedback to the fuel pool, which in turn increases
burning rate and entrainment. A scaling analysis showed that the PM emission
factor decreased linearly with the ratio of inverse Rossby number to nondimensional
heat-release rate.
Second, the structure of the blue whirl (BW), a soot-free regime, was investi-
gated using dimensional analysis and non-intrusive optical diagnostics. Experimen-
tal data of heat-release rates and circulation for BWs and FWs from the literature
were used to define the nondimensional equivalents of buoyant and azimuthal mo-
menta. The combinations of these parameters showed that FWs primarily formed
in a buoyancy-dominated regime, and that a circulation-dominated regime was re-
quired for BW formation, corroborating hypotheses that the transition was caused
by the bubble mode of vortex breakdown, resulting in the formation of a recircula-
tion zone. Finally, OH- and PAH-PLIF, OH* and CH* chemiluminescence suggest
a triple-flame structure anchored at the blue ring region of the BW, with the rich
branch formed by the lower blue cone, and the lean branch by the upper purple
haze. These results show that the mixing process occurs upstream of the conical
region and that the recirculation zone is comprised of combustion products.
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Professor Peter B. Sunderland
Professor James H. Duncan
Professor Christopher Cadou






This dissertation was possible primarily because of the people who have sup-
ported me during my time in graduate school at the University of Maryland. First
and foremost, encouragement from my advisors, Professor Michael J. Gollner and
Professor Elaine S. Oran, was the primary reason I chose to pursue doctoral studies.
They have stood by me through the ups and downs as a graduate student over the
past five years. Michael showed me how to approach a problem meticulously and
provided ample room for me to experiment with my own ideas. His rigorous work
ethic and enthusiasm for new problems will serve as a personal goal for my career.
I cannot emphasize enough Elaine’s influence on my development as a researcher.
Her encouragement and insights have been crucial to broadening the scope of this
work asking the right questions at every stage.
Sincere thanks to Professors Arnaud Trouvé, Peter B. Sunderland, James H.
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1.1 Swirling Flows and Whirling Flames
Swirling flows are ubiquitous in nature. They occur at a large range of length
scales − on the order of many tens-of-thousands of kilometers in the case of Sat-
urn’s hexagonal polar vortex [1] and Jupiter’s Great Red Spot [36], a few hundred
meters in the case of secondary motions causing river meandering [37–39], to just a
few centimeters in dandelion flight [2]. Historically, eddies and vortices have been
the topic of academic [40, 41], technical [42], and even artistic interest in the case
of Vincent van Gogh’s The Starry Night [43], which has intrigued turbulence re-
searchers [44–46].
Most instances of swirling flow involve momenta competing in two different
directions, primarily axial and azimuthal. Whirling flames (also known as fire whirls)
represent a general class of flows that may be considered slender vortices involving
axial (buoyant) momentum from heat-release, and azimuthal momentum from air
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Figure 1.1: Examples of swirling flow in nature at different length scales. (Left)
Polar vortex within the hexagonal jetstream of Saturn, from [1]. (Right) Separated
vortex structure in dandelion flight, from Cummins et al. [2].
entrainment. These structures are observed frequently in wildland fires and have
been studied for many decades in the context of fire spread and firefighter safety [47–
49]. Most recently, four fatalities were reported as the direct result of the formation
of a large fire whirl during the 2018 Carr Fire in California [50,51]. Fire whirls can
also accelerate wildland fire spread rates dramatically by increasing buoyancy and
helping loft firebrands long distances, causing fires to initiate prior to the arrival of
the fire front [52]. Various types of fire whirls can also occur in large urban fires [53].
Many approaches to classify, scale and predict fire whirl formation for the
purposes of safety are prevalent [5]. The simplicity of generating reacting fire whirls
in a laboratory and the complex interaction between combustion and fluid mechanics
[8] provides a platform to study phenomena such as turbulence suppression, mixing,
vortex stretching and dynamics. Various aspects such as formation methods in the
laboratory [5, 47, 48], thermal structure [8], velocity structure [54], scaling [11, 12],
flow structure [55,56], etc. have been reported in the literature. Byram and Martin
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[48] listed three essential conditions required for thermally-driven vortex structures
such as fire whirls − (i) an eddy generating mechanism, (ii) a fluid sink within the
eddy, and (iii) drag (or a boundary layer) at the bottom boundary of the slender
eddy.
Swirling flow fields are used in engineering applications to enhance combustion
efficiency and reduce emissions [57,58]. They are typically used in aerospace appli-
cations and involve gaseous and liquid fuels, and both premixed and nonpremixed
modes of operation [59]. Whirling flames are distinct from swirling flames in the
manner that fuel and air interact [60]. In swirl flames, the momentum of fuel in-
jection is comparable with that of the air, both of which have axial and azimuthal
components, enabled by mechanical forcing of both to enhance turbulent mixing
prior to combustion. The reduced reaction length allows high heat-release rates to
be achieved in small burners. In whirling flames, however, momentum of the fuel
supply is negligible, as is azimuthal momentum of the entrained air. Turbulence is
suppressed in fire whirls [8], causing flame lengths to increase when compared to
non-whirling pool flames, even when the burning rate similar. Jet flames under the
influence of rotating flow fields posses different boundary conditions at the base of
the flame, but show similarity to fire whirls in the vortex structure of the continuous
flame region [61–63].
Most fire whirls, irrespective of formation method or fuel (except light, oxy-
genated fuels such as methanol or ethanol), exhibit a yellow color, which stems from
incandescent soot particles in the flame (see Figure 2.3). An aspect of fire whirls
that has not been explored in the literature is the quantification of particulate-
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matter (soot) emissions. This is investigated in the first part of this dissertation by
comparing emissions from fire whirls and free-buoyant pool fires.
4
1.2 The Blue Whirl
In recent experiments by Xiao et al. [64], the blue whirl was discovered during
experiments with liquid-fueled fire whirls formed over a water surface. An abrupt
transition from a traditional fire whirl to a completely blue flame was seen at some
experimental conditions. The thermal characteristics of this flame structure was the
subject of the author’s M.S. thesis [65].
The blue whirl is a laminar regime of the fire whirl that burns with negligible
soot formation and stabilizes directly over a liquid fuel surface [22,65,66]. The flame
(Figure 1.2) has an inverted conical region below, a hazy region above, and a bright
blue ring at the edge. This flame regime is of interest since it transitions from the
sooty fire whirl regime without any externally-forced air entrainment.
Soot-free flames are preferred in many applications where combustion efficiency
and issues like coking are critical to performance. Achieving a soot-free flame typi-
cally requires either premixed or lean operation, which may not be possible in many
industrial applications due to the safety and control issues associated with premixed
flames. Non-premixed (diffusion) flames are the choice for most industrial applica-
tions, but are challenged by soot formation. Thus, a burner based on the blue whirl
could present opportunities to have control over the combustion process similar to
a non-premixed flame, and inherent soot-free operation even when burning liquid
fuels.
Swirl stabilization has been used as a technique to extend the lean-side op-
erating range of combustors [59, 67, 68] and to reduce emissions [58, 60, 69]. Since
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Figure 1.2: An image of the blue whirl formed with heptane over a water surface.
The lower portion of the image is the reflection of the flame over the water surface.
such combustors typically operate at high power output, it is necessary for them
to operate in the turbulent regime and use various injection techniques to pro-
mote fuel-air mixing. The reduced residence times in combination with lean, low-
temperature combustion of light fuels, such as methane or propane, can lead to low
emissions [57, 59,61,70,71].
The blue whirl, however, is a laminar whirling flame. In all the experiments,
the blue whirl transitions from the fire whirl, and the transition requires buoyancy
and circulation to exist in specific ratios, and emits negligible quantities of soot
(PM). The thermal structure and experimental conditions required for blue whirl
formation were studied in previous work [65], but questions regarding the mecha-
nisms governing its formation and the nature of combustion still remained.
Questions regarding the transition and structure of the blue whirl flame are the
second aspect of whirling flames considered in this work. Using recent experimental
data on the formation limits of the blue whirl [24], dimensional analysis and scaling
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are used to explain the fluid-dynamic factors that govern the transition process from
a fire whirl to a blue whirl. Non-intrusive optical diagnostics are used to present
preliminary insight into the flame structure. Some of the results presented here have
been used as boundary conditions for numerical simulations of the blue whirl [33,72].
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1.3 Motivation and Scope
Emissions and near-limit aspects of fire whirls have not been given much con-
sideration in the literature. Emissions such as NOx, SOx, CO2 and particulate
matter (PM) from air-breathing engines are regulated since they can impact hu-
man health [73]. Emissions from in-situ burning (ISB), which are essentially large
pool fires, have been characterized in the literature [73–76]. ISBs are a trade-off
between marine pollution, caused by oil spreading over the sea water, and air-
borne particulate-matter (PM) emissions, which can impact human respiratory sys-
tems [77,78]. Reducing airborne particulate emissions could reduce the environmen-
tal impact of remediating offshore and onshore oil spills.
Reducing soot emissions from ISBs, incinerators and gas flares [79] offer moti-
vation to investigate the differences between the fire whirl and pool fire regimes. In
this work, the hypothesis that is tested is that for a burning pool of liquid fuel, fire
whirls emit a lower mass of particulate matter. Applicability to ocean environments
and practical ISB apparatus may be considered in the future using the fundamental
results presented here to design combustion devices.
While emissions from fire whirls in a wildland fire may not be of much practi-
cal interest, the intensification in combustion due to a fire whirl and the emissions
behavior are still fundamental questions that are a gap in the literature. The addi-
tion of swirl to gaseous-fuel burners has been shown to reduce emissions [60]. These
results, however, are not immediately applicable to free-burning fires [80] such as
pool fires and fire whirls − regimes in which the role of turbulence is quite disparate.
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In the first part of this dissertation (Chapters 3 and 4), particulate matter
(PM) emissions are measured from pool fires and fire whirls formed using different
fuels. Parameters such as fuel and slick diameter are varied to study behavior at
different length scales. These emissions are compared for fire whirls and free-buoyant
pool fires. If combustion efficiency is higher and emissions from fire whirls are lower
than that from pool fires, fire whirls could potentially be used in an engineering
device at an appropriate length scale such that it may be utilized for improving
incineration of spilled combustible materials.
The second part of this dissertation (Chapters 5 and 6) discusses the blue
whirl, the near-limit whirling flame that occurs at very low heat-release rates [24]
and is very sensitive to experimental conditions. These factors do not permit their
use in practical engineering devices in the near future since sufficient energy-release
rates may not be achieved for applications such as propulsion. The flame is, however,
of academic interest to identify the characteristics that enable soot-free combustion
while directly burning liquid fuels. It could also serve as a model to study reacting
vortex breakdown and edge flames under in a rotating flow field.
A scaling analysis is presented to understand the conditions that influence the
transition from the fire whirl to the blue whirl. This analysis builds on previous work
by Hu et al. [24], and uses flame geometry to determine the characteristic length
scales for nondimensionalization of the two parameters that influence whirling flames
− circulation and heat-release rate. Buoyancy and momentum dominated regimes
are common in many flame and fire problems [81] and these analogies are used here
to explain the transition.
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Finally, the flame structure of the blue whirl is investigated using optical diag-
nostics including chemiluminescence and planar laser-induced fluorescence (PLIF).
Species such as OH, PAH, OH* and CH* are imaged to identify their locations in
the flame and comment on the general structure and relate them to previous work.
The results from both of these aspects have been used for numerical modeling of the
blue whirl [72, 82]. Scaling results were also used to design preliminary micrograv-
ity experiments of fire whirls, conducted in the 5.18 s drop tower at NASA Glenn
Research Center in May 2019 [83].
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1.4 Outline of the Dissertation
This dissertation explores whirling flames at different length scales from an
experimental standpoint. The largest fire whirls were on the order of 5 m in height,
while the smallest blue whirls were on the order of 5 cm. A general literature re-
view on fire whirls, the motivation and background on the diagnostic techniques
are presented in Chapter 2. The chapters that follow are roughly organized based
on the journal articles that compose this dissertation, and each contains a separate
introduction and literature review. A comprehensive list of references is provided
as a bibliography. Chapter 3 presents the experimental data obtained for pool fires
and fire whirls. This raw data is analyzed in detail and the relevant nondimensional
relationships influencing PM emissions are presented in Chapter 4. The effect of
boilover on the burning characteristics and emissions from large-scale ANS crude oil
fires is also discussed. Chapter 5 presents the dimensional analysis used to explain
the onset of vortex breakdown and the transition to the blue whirl regime, fol-
lowed by non-intrusive optical diagnostics measurements in Chapter 6. A summary,
conclusion and future research directions are presented in Chapter 7. Additional
figures, raw data and preliminary data for future work are included in Appendices




Review of Fire Whirls and Experimental Methods
2.1 Swirl and Whirl Combustion
Whirling flames, also known as fire whirls, are a class of thermally-driven
vortices which can be either reacting or non-reacting flows. A detailed classification
is given by Kuwana et al. [11] and Tohidi et al. [5]. Type-I fire whirls are stationary,
on-source (formed directly over the fuel source), reacting fire whirls. Reacting fire
whirls that are unsteady and shed periodically (Type-II) are typically formed when
a line fire is subject to angled crosswind. Type-III fire whirls can be reacting or
non-reacting (comprised only of hot combustion products), but are usually formed
off source [53]. They typically form close to one or more nearby reacting plumes.
The fire whirls investigated in this work are all classified as stationary, on-source,
and Type-I.
Whirl flames are distinct from swirl flames, with the definitions depending on
the manner in which fuel and air are introduced into the reaction zone [60, 84]. In
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Figure 2.1: Radial variation of azimuthal velocity in (A) a swirl combustor [3], and
(B) a fire whirl [4].
whirl combustion, air is introduced with a strong azimuthal component and very
low axial component. Fuel is introduced separately and whirl flames are typically
nonpremixed flames. In contrast, in swirl combustion, air is introduced with a
combination of both axial and azimuthal components, and may be premixed with
fuel. The method of flame stabilization between these flames is different. Swirl
flames are stabilized by a recirculation zone that acts as a flame holder, and peak
azimuthal velocities are found at the edges of the enclosure, and don’t show the
existence of a free-vortex region due to wall effects.
Whirling flames have a radial distribution of azimuthal velocity that is well
described by a Burger’s vortex model [12], and have an inner core defined by solid-
body rotation and an external free vortex region. The differences are shown in
Figure 2.1, adapted from references [3,4]. The inner core in swirl flames consists of
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reactants and products, whereas the inner core in whirling flames consists mostly of
fuel vapor [8]. Additionally, swirl flames typically operate in the turbulent regime,
even at low swirl numbers [85]; the reaction zone in fire whirls is typically in the




One of the necessary conditions for fire whirl formation according to Byram
and Martin [48] is the presence of drag along the surface over which the fire whirl is
formed (refer to section 1.1). This third condition, essentially a radial boundary layer
at the base of the fire whirl, is not expected to be applicable to some laboratory fire
whirl apparatus that are referred to as an “Emmons-type rotating mesh” setup [8],
where circulation is externally imposed on the flame.
In fire whirls (Figure 2.3), the fluid sink is created by buoyancy that is gener-
ated by heat release from combustion. In a laboratory, the eddy is generated either
by arrangement of obstacles in the path of the entrained air using vanes or walls, or
mechanically swirling air by means of a rotating mesh or fans (Figure 2.2). During
wildland fires, concentrated regions of buoyant flow may be created by fires in con-
fined regions and eddy formation is enabled by topographical factors or opposing
winds. In a laboratory environment, fire whirls are generated in a multitude of ways,
all of which can be classified as either natural air entrainment [9, 12, 56, 87, 88] or
forced entrainment.
The design of natural entrainment configurations typically involves a set of
walls with multiple openings that permit tangential entrainment. Configurations
with two half-cylindrical shells are used for small fire whirls, while the four-walled
configuration is the most common [5]. When the number of panels used is above
four, they are sometimes referred to as vanes, although few studies utilize such
configurations [89]. Coenen et al. [23] used twelve vanes for their experimental study
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on the blue whirl. Fire whirls can also be formed without the use of physical walls.
The shedding of fire whirls from line fires was shown to be dependent on a critical
ambient velocity by Zhou et al. [90], and Wang et al. [91] built a configuration using
air screens, and may be considered to be a variation of the four-walled apparatus.
The most popular of forced-entrainment apparatus is the Emmons-type rotat-
ing mesh [8,92,93]. Lee and Garris [94] modified this configuration to include a line
burner between two screens moving anti-parallelly, generating multiple equidistant
fire whirls. Byram and Martin also suggested the use of a combination of both nat-
ural and forced entrainment methods to generate fire whirls by using a combination
of vanes and air curtains [48]. The combination of natural and forced entrainment
systems are used in some laboratory apparatus for safety purposes. A combination
of the four-walled configuration with an exhaust suction system was used to generate
the fire whirl photographed in Figure 2.3.
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Figure 2.2: Laboratory configurations used to form fire whirls. Figure from Tohidi
et al. [5].
Figure 2.3: Photograph of a fire whirl formed in a fixed-frame setup with a combina-
tion of natural and forced air entrainment. The pool diameter is 30 cm, placed in an
enclosure of dimensions 3.6×3.6×1.5 m3. To increase entrainment velocity through
the four inlets, a suction system was employed above the fire. In configurations
with natural entrainment, buoyancy and air entrainment are coupled. Buoyancy
within the enclosure must be capable of drawing sufficient air into the enclosure.
This minimum level of circulation required for fire-whirl formation depends on many
factors including pool diameter [6], and small pools within large enclosures do not
form strong fire whirls without externally-forced entrainment.
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Combustion in a fire whirl occurs in a slender cylindrical structure with the
reaction occurring mostly at the edge of the vortex core where the shear is highest,
promoting mixing. The interior of the fire whirl core contains mostly fuel vapor
under solid body rotation [4,12,54]. Peak temperatures are found at the edge of the
vortex core (Figure 2.4 A). For the same pool diameter, the height of a fire whirl is
larger than that of a pool fire. This elongation and stretching of the fire whirl may
be attributed to
1. the increase in burning rate (Figure 2.4), caused by increased heat flux, both
convective [88] and radiative [87], feedback to the fuel surface.
2. turbulence suppression in turbulent fire whirls [95]. This is caused by increased
temperatures and lower Richardson number (Ri) in the continuous-flame re-
gion of the fire whirl, resulting in increased mixing length.
3. an absence of the puffing instability that is prevalent in pool fires (see section
2.3), where the instability is responsible for periodic mixing of fuel and air.
The puffing instability is replaced by a helical mode in fire whirls [23], also
sometimes associated with the helical mode of vortex breakdown in conical
fire whirls which are close to a transitional regime [64].
4. the vortex structure and the concentration of the vortex core through an-
gular momentum conservation and turbulence suppression [95]. Vortex core
concentration is balanced by pressure gradients generated by centripetal ac-
celeration [8]. This structure is present even in non-reacting swirling buoyant
plumes.
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These ensure that in the absence of puffing, a central core of fuel vapor requires
a long mixing length (and time), increasing the length of the flame sheet. The
increased flame surface area essentially balances the higher burning rate in liquid-
fueled flames. The higher temperatures and larger surface area also lead to a ∼40%
increase in radiative feedback (see Fig. 9 in [96]). Even if the burning rate (and
thus, heat-release rate) for a pool fire and fire whirl are the same, while the total
fire-whirl surface area may be the same, depending on the fuel pool diameter, fire
whirls may have a lower flame width and higher flame height owing to the vortex
structure. This needs to be verified in the future through systematic experiments
of pool fires and fire whirls, both formed at the same heat-release rate using gas
burners.
Drag at the bottom surface boundary is generated by a boundary layer formed
by radial entrainment along the surface over which the fire whirl is formed. When
circulation is not externally imposed on the flame, the presence of a radial boundary
layer is essential for, or rather a consequence of, fire whirl formation. Dobashi
et al. [87] performed preliminary experiments to elucidate the effect of the radial
boundary layer on fire whirl formation. If the height of the vertical obstruction
to inflow is higher than the radial boundary layer, fire whirl formation does not
occur and the flame remains similar to a pool fire regime. For this reason, fire whirl
apparatus with natural air entrainment typically have the surface of the burner
(for gaseous fuels) or the fuel dish (for liquid fuels) flush with the bottom surface
boundary [6, 7, 12,23,54,88,97].
For both natural and forced entrainment, when this radial boundary layer
19
Figure 2.4: (A) Radial variation of temperature in a fire whirl, from [7]. (B) Burning
rate of acetone as a function of ambient circulation, from [8]. The difference in
burning rate between the cases with and without the flame holder may be attributed
the level of disruption in the Ekman layer by the vertical lip formed by the flame
holder.
(Ekman layer) is affected by the presence of disruptions to the incoming flow such
as vertical projections formed by fuel pans etc., fire whirl behavior is affected. For
instance, the influence of fuel pool height on burning rate is seen in the results of
Emmons and Ying (Fig. 5 in [8], shown in Figure 2.4 B). Experiments by Byram
and Martin [48] also noted the effects of such obstructions on fire whirl formation,
and noted that when the
burning pool of alcohol is flush with the surrounding horizontal surface,
the burning rate will be drastically reduced in a strong vortex. The flame
will be blown over the liquid surface except in a small, central area where
a core of whirling flame a few inches in height remains. This does not
happen if the edge of the burner projects a short distance above the liquid.
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These observations are very similar to the sensitivity of the blue whirl to
experimental conditions [65,66]. In an apparatus allowing natural entrainment of air,
fire whirl formation depends on the strength of the radial boundary layer that causes
Ekman layer formation [5, 87]. The radial boundary formed under swirling flow is
typically referred to as the Ekman layer in fire whirls, and a graphical representation
of the velocity field around a fire whirl is shown in Figure 2.5. For a given fuel
pool diameter, when the height of the step is sufficiently large to affect the radial
boundary layer, the fire whirl flame shape at the bottom surface is affected (see Fig.
11 in [87] and Fig. 8 in [5]). Similar effects are observed even in pool fires, where the
height of the lip above the bottom surface boundary affects burning rate [98–100].
For fire whirls formed in a 50 cm fuel pool, Lei et al. [97] show about a 10% difference
in burning rate between two different lip heights, although the authors claim that
the difference is not significant since only 1 repetition for each was performed.
Apparatus in which swirl is imposed on a jet flame, however, do not necessarily
need a boundary layer or drag at the bottom surface boundary to form a concen-
trated reaction zone. Laboratory experiments on fire whirls do not operate in a
regime where radial inflow does not exist at the base, although formation of a flame
with swirling characteristics is still possible. In these cases, the concentration mech-
anism may be expected to be similar to a buoyant plume under ambient circulation
that exhibits vortex stretching and concentration [101], and turbulence is actually
enhanced by mixing at the edge of the fuel jet and the swirling flow field [62].
Chigier et al. [62] noted that in some jet flames under imposed swirl (where
the radial boundary does not exist), the central reacting core does not exhibit ro-
21
Figure 2.5: A graphical representation of the velocity field around a stationary
Type-I fire whirl. Figure adapted from [5].
tation, and the external ambient circulation induces turbulence causing shortening
of the flame. This is fundamentally different from a fire whirl, where the central
core exhibits solid-body rotation and turbulence is suppressed, reducing mixing and
leading to flame lengthening [8, 95]. Thus, in apparatus that use a central gaseous
jet and externally imposed circulation to study fire whirls, the surface of the burner
is typically flush with the burner exit to promote the formation of a radial boundary
layer at the bottom surface boundary [6, 92,93,102].
For fire whirls formed with gaseous fuels supplied through a burner, burner
diameters typically above 35 mm show fluid dynamic similarity with larger fire
whirls. Apparatus with smaller burner diameters tend to form jets, which under
imposed rotating flow fields [103] tend to show both turbulence enhancement at the
lower region of the flame (similar to Chigier’s observations [62]) and suppression
22
further downstream (similar to fire whirls). This causes jet fires under rotating flow
fields to show flame shapes that are different from gas-fueled fire whirls (for ex. [92]),
and consequently scale differently from fire whirls [103]. Some of these differences
may be attributed to momentum from the fuel jet, which causes lift-off under high
swirl [103], an effect typically not seen in liquid-fueled fire whirls. Lift-off from the
surface of a liquid fuel can, however, occur when both heat-release rate and the
boundary layer conditions are met [24], such as in the case of the blue whirl [23,64].
2.2.1 Scaling Approach and Influential Parameters
Scaling methods on the basis of similarity arguments have been used to predict
the formation of fire whirls [11,53] and the geometric attributes of fire whirl structure
[9, 12, 13, 56]. The parameters influencing fire whirl structure, as summarized in
[5, 104] are
(Ur, Uz,Γ, H, ṁ) = φ (Lh, Q̇, Cp,∆ρ, ρ,∆T, T, g, µ, β, κ,Ds) (2.1)
where Ur and Uz are the radial and azimthual velocity components, Γ is the circula-
tion, H is the fire-whirl height, and ṁ is the burning rate of fuel (either gaseous or
liquid). The horizontal length scale is given by Lh. Experimentally, the heat-release
rate (Q̇) is determined either from ṁ or oxygen-consumption calorimetry. The spe-
cific heat capacity (Cp) density change (∆ρ), excess temperature (∆T ), dynamic vis-
cosity (µ), expansion coefficient (β), thermal conductivity (κ) and molecular species
diffusion coefficient (Ds) are determined as a function of flame temperature at the
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fire whirl flame sheet. The ambient air density and temperature are given by ρ and
T .
This parameter space results in 13 nondimensional groups, of which a few im-












relates the buoyant and tangential momenta, and is analogous to the swirl number
for swirl combustors [57]. Dimensionally, it is the inverse of Froude number, but is es-
timated based on Γ, which represents the strength of ambient swirl outside the flame
sheet. Chuah et al. [9] showed that the structure of fire whirls could be better de-
















all defined for the vortex core, have been used to discuss the important role of
turbulence suppression in fire whirl height [95]. Finally, the heat-release rate and










, respectively. The axial momentum represented by
these two quantities is typically applicable only to reacting fire whirls. Klimenko
and Williams [10] estimated Pe as (UzLh/Ds), and showed the strong influence of Pe
on the nondimensional height of fire whirls under high ambient circulation (Figure











Apart from the quantities discussed above, parameters derived from experi-
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Figure 2.6: Influence of Pe on nondimensional height of fire whirls under high ambi-
ent circulation, (A) shown experimentally in [9] using a tilting fire whirl apparatus,
and (B) developed analytically in [10].
mental conditions not directly related to the momenta within the vortex core have
also been studied. For instance, the critical ambient velocity (Ucr) that may result
in fire whirl formation, provided an existing fire is not dominated by momentum,
varies as Ucr
g/L
∼ Fr0.15f [11], where L is the horizontal length scale, and Frf is the
fuel Froude number (Figure 2.7 A). For small scale fire whirls, fire whirl height
depends primarily on circulation, and this is consistent for naturally entrained con-
figurations as well for apparatus where circulation is imposed (Figure 2.7 B). Along
the height of a fire whirl that is not fully dominated by buoyancy, the circulation
remains relatively constant above the entrainment region at the bottom [4,97]. The
peak tangential velocity (and thus, circulation) reduces consistently from a height
of H
Lh
= 0.4, to the bottom surface boundary where viscous effects cause the no-slip
condition [12,63].
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Figure 2.7: (A) Dependence of Ucr on Frf for buoyancy-dominated fire whirls,
adapted from [11]. (B) Variation of nondimensional fire whirl height with nondi-
mensional circulation, adapted from [12].
Figure 2.8: (A) Variation of flame height with Pe. The prediction of flame height
based on Pe was improved by using a modified axial velocity profile. Figure adapted
from [13]. (B) Dependence of Fr on nondimensional circulation, adapted from [12].
The other parameter that influences fire whirl flame height is Pe, derived from
the fuel flow velocity (evaporation velocity for liquid pools, exit velocity for gas
burners). Pe for fire whirls (Chuah et al. [9]) is similar to the fuel Froude number
(Frf ) defined by Kuwana et al. [11] and the ratio of fuel flow rate to advection
rate [5,105]. The effect of Pe on fire whirl height is shown in Figure 2.8A. Pe defined
based on fuel mass flux is represented as ṁ
ρLhDs
, where Lh is the horizontal length
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Fr for the fire whirl also depends on nondimensional circulation (Figure 2.8B). Hartl
and Smits [12] also noted that fire whirl diameter is the appropriate horizontal
reference length scales for fire whirls since fire whirls can form over an infinite fuel
pool. Consequently, their experiments using a gas burner did not conform to the
scaling between nondimensional circulation and Fr.
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2.3 Pool Fires, Emissions and Marine Oil Spills
Pool fires (Figure 2.9) are a standard research problem applicable to a wide
range of fire scenarios, and are of interest for both fundamental and practical pur-
poses. Characteristics such as pulsation frequency, burning rate, heat flux feedback,
temperature, soot fraction and radiation have been studied for various fuels, and
detailed reviews are presented in [106–109]. Additionally, flame structure [98] and
scaling behavior [110] are also of interest for predictive purposes, including cases
where a free buoyant plume is affected by crosswinds etc. [111].
Entrainment of air towards pool fires causes necking of the flame at the base
and causes the initiation of Rayleigh-Taylor instabilities [112]. These instabilities
cause the development of the phenomenon known as “puffing,” which is a periodic
oscillation and fluctuation of the flame height. The puffing frequency, f, decreases
with pool diameter as f ∝ D−0.49 [14], and the puffing Strouhal number (St), is
linearly dependent on the Froude number (Fr) [15] (see Figure 2.10). The onset
of puffing is attributed to a critical Rayleigh number (Ra) [113], supported by the
development of large-scale toroidal vortex rolls occurring at an axial distance within
one burner diameter above the fuel surface [114]. Cetegen et al. [114] also found that
the puffing frequency for thermal and isothermal plumes was similar (f ∝ D−0.5). Be-
jan [115] analyzed the phenomenon using the buckling of inviscid streams to explain
why the expression f2 ∼= 2.7 [m/s
2]
D
worked well in predicting shedding frequency (f,
[s−1]) over a very large range of pool diameters (D, [m]).
Interest in the studies of emissions from pool fires, particularly particulate
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Figure 2.9: Photograph of a pool fire formed with n-heptane, D = 30 cm.
Figure 2.10: (A) Dependence of pool-fire puffing frequency on pool diameter,
adapted from [14]. (B) Influence of Fr on puffing St, adapted from [15].
29
matter, CO, and CO2 is recent, stemming mostly from the initial work of Aurell
et al. [116] on solid waste incineration. Measurements of emissions from pool fires
of gaseous and liquid fuels have also been performed [16]. Apart from particulate
matter, CO, and CO2, various PAHs and VOCs were also measured, each with
an emission factor in the range of hundreds of milligrams per kilogram of fuel.
Experiments involved sampling in the fire plume, and the calculated emission factors





are shown in Figure
2.11.
There have been a number of studies of oil spreading over open water [117,118],
and several of these have addressed the problems of burning spilled fuel [119]. Oil
spills can have devastating effects on both onshore and offshore ecosystems. Burning
spilled oil is a quick response method [76] since their long-term existence can cause
toxicity to both wildlife and humans [120]. The work of van Gelderen et al. [121]
identified properties such as initial slick thickness, vaporization order, slick diameter,
weathering state, heat flux feedback and heat losses to the water layer as factors
that influence burning efficiency in an in-situ burn (ISB).
During recovery efforts for accidental spills, the dispersed fuel is gathered us-
ing booms and ignited once the fuel layer is thick enough. This layer must be thick
enough because it must insulate the top layer of fuel from the water. This entire
approach is fundamentally different from traditional approaches and studies of pool
fires burning lighter fuels over water [122]. Wu et al. [123] performed experiments to
determine the ignition, flame spread, and mass burning characteristics of oil spilled
on water. Later they expanded to more detailed ignition experiments determining
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Figure 2.11: Comparison of PM-2.5 emission factor and Modified Combustion Effi-
ciency (MCE) for JP-5 and propane pool fires. Figure adapted from [16].
the effects of weathering on crude oil [124], which is important because, as oil be-
comes more weathered, it becomes more difficult to ignite, and finally it emulsifies
to the point where ignition is no longer possible [125]. Based on these results, phe-
nomenological descriptions have been developed for combustion of oil on a water
layer [126,127].
More recent experiments have extended the experimental capability to mea-
sure the properties of crude oil layers and its effects, particularly applied to arctic
regions [128]. No prior studies, however, have been conducted to understand and
characterize the fundamentals of fire whirl behavior over open water, in particular
from small to large scales. More background on this is provided in Chapters 3 and
4.
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2.4 Soot Formation and Emission
The study of soot formation and emission from flames has been a challenging
problem in combustion science [129]. Soot may be defined as a carbonaceous ma-
terial containing up to 1% hydrogen by mass, an empirical formula of C8H, with
diameters of aggregates ranging between 100 and 2000 Å [130]. Soot formation and
destruction processes occur simultaneously in flames. This was illustrated as early
as 1908 in “The Chemical History of a Candle” by Michael Faraday [131,132]. The
process may be simplified to the following four processes [17]:
1. Formation of precursor species.
2. Particle inception.
3. Surface growth and particle agglomeration.
4. Particle oxidation.
While both premixed [133–135] and nonpremixed [130, 136] flames can form
and emit soot, from an engineering perspective, nonpremixed flames are primarily
studied since they are used in most engines (internal combustion such as recipro-
cating [137] or gas turbine [58]) and industrial burners and flares [79]. The term
particulate matter (PM) is more commonly used [58] and is a concern since they
can have significant impact on human health [138]. As a consequence, PM emis-
sions from commercial engines and burners are strictly regulated by environmental
agencies around the world [139].
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The tendency for a flame to emit soot can be represented by an empirically
obtained property called the smoke point, an experimental condition that results
in visible emission of black soot from a flame. Experiments use a diffusion flame
and the smoke point is measured in terms of either the maximum flame height or
maximum fuel flow rate at which a stream of soot is first visible downstream of
the flame. The larger either of these values, the lower the propensity of the fuel
to soot [17]. The propensity for the different fuel families to soot, from highest to
lowest, is aromatics>alkynes>alkenes>alkanes [140].
Although soot may be formed in the flame, it is not necessary that soot is
emitted from the flame. Soot typically originates on the fuel side of a diffusion
flame and has to pass through the oxidation region at some point during the flow.
If the soot if fully oxidized in this region, no soot is emitted. If the soot is not fully
oxidized, it is emitted from the flame and may be visible as a streak. Laminar jet
diffusion flames typically have a pointed shape when the soot is completely oxidized
by the flame. The formation of soot, however, causes “wings” to form, from which a
streak of soot emanates (refer to Fig. 4 in [141]). This is illustrated in Figure 2.12.
The primary factors controlling sooting are the nature of the fuel (number
of C–C bonds, C/H ratio etc. which are dependent on the whether the fuel is an
aromatic, alkyne etc.), diluents in the fuel stream, equivalence ratio (controlled by
mixing), local temperature, flow conditions such as turbulence, ambient pressure,
gravitational environment, the flame curvature and strain rate, and acoustic exci-
tations, [130, 142–149]. These factors also affect the structure of soot formed in
different regions of the flame [150]. Of course, these factors have multiple interde-
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Figure 2.12: Schematic showing soot formation and destruction zones in a laminar
jet diffusion flame. Figure from Turns [17].
pendencies. For instance, fuel structure affects sooting tendencies in nonpremixed
flames, but has little effect in fully premixed flames since “in premixed flames there
is a competition between the rate of pyrolysis to form the precursors and the rate
of oxidative attack; thus, since the oxidation rate increases faster with temperatures
than the pyrolysis rate, the higher the flame temperature, the lower is the tendency
to soot” [151]. In nonpremixed flames, however, soot inception begins around 1300–
1400 K and soot volume fraction depends on temperature and initial structure of
the fuel molecule [130].
Soot inception and growth in flames depends on flame structure [152] and
chemical kinetics which control both formation and oxidation [153, 154]. Processes
responsible for the conversion of gas-phase species to the condensed phase are con-
trolled by the chemical kinetic behavior of precursor species such as polycyclic aro-
matic hydrocarbons (PAHs) and aromers [18,155]. A schematic of soot formation in
different regions of a flame is shown in Figure 2.13. Johansson et al. further studied
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Figure 2.13: Figure showing the evolution of soot structure in different regions of a
flame. Figure from [18].
the processes involved in the conversion of gas-phase PAHs to particle formation and
growth [19]. The stability of the formed soot was found to be from resonance stabi-
lization of the graphitic layers in the multi-layered structure of soot. The different
stages of soot inception, graphitization and growth are shown in Figure 2.14.
2.4.1 Soot Diagnostics
Measuring parameters such as soot number density, volume fraction and size
distribution are important to understand kinetics in flames, radiation in fires and
emissions. A classification of the different techniques is shown in Figure 2.15,
adapted from [20]. In-situ experimental techniques to measure such characteris-
tics may involve thermocouples and [156], dilution probes [157], thermophoretic
sampling [158–161], and deposition based techniques [20]. Transmission Electron
Microscopy (TEM) is used to measure soot-aggregate size distribution from the
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Figure 2.14: Schematic showing the different stages of soot inception and formation,
beginning from PAHs to particle growth. Figure from [19].
samples, which may be collected in-situ and or in the post-flame regions [162,163].
Non-intrusive optical techniques involve either digital cameras [164,165] to perform
pyrometry [166,167], or laser-based diagnostics such as Laser-Induced Incandescence
(LII) [168, 169]. Optical diagnostics are more suitable when physical probing can
interfere with the physical or chemical processes in the flame. They may be used
to measure soot temperature, volume fraction and size distribution and are used in
laminar or turbulent flames [170], premixed [171] or nonpremixed flames [172].
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Figure 2.15: Soot measurement techniques, adapted from [20].
The measurement of particulate matter emitted by flames in the post-flame
region uses a combination of different techniques including gravimetric approaches,
scattering and absorption [173]. A review of the different techniques are presented
in [174]. Flame Ionization Detection (FID) is a technique used to detect both soot
and unburned hydrocarbons [175]. Atmospheric particulate matter measurements
typically use a gravimetric approach to quantify the mass of PM emitted over a
stipulated time period and are deployed over large geographic areas [176] and during
events such as wildfires [177]. Measurement of PM specific to soot emissions from
engines require sensors to be portable and typically use optical techniques such as
infrared scattering since understanding size distribution in the exhaust is important
[178,179].
For the work considered in this dissertation, measurement of particulate mat-
ter is performed in the post-flame region using a laser scattering technique. Particle
size distributions are determined based on Mie theory [180]. The TSI DustTrak
37
Figure 2.16: Schematic of soot measurement in the TSI DustTrak, adapted from [21].
instrument [27] used in this work measures the mass concentration of PM-2.5 par-
ticles and estimates a particle size distribution based on a calibration aerosol mix
called Arizona Road Dust [21]. A schematic of the aerosol measurement by the TSI
DustTrak is shown in Figure 2.16. A separate gravimetric calibration was performed
to convert adjust for the difference in density between the calibration aerosol and
soot emitted from the fires. Only Total Particulate Matter (TPM) measurements
are reported since measurements of size distributions of the emitted soot are not
available.
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2.5 Current Understanding of the Blue Whirl
The blue whirl (Figure 2.17) is a flame first observed when studying fire whirls
in a fixed-frame setup with natural air entrainment. The blue whirl evolved from
fire whirls formed with liquid fuels floating over a water surface, first reported by
Xiao et al. [64]. Figure 2.18 is a sequence of images showing intermediate states that
are visible in the transition to a blue whirl. Although the blue whirl was discovered
to transition from fire whirls formed over a water surface, experiments with other
surfaces showed that the “presence of the water itself was not essential, but the
presence of a smooth boundary is critical” [66]. This unimpeded surface boundary
permits the formation of an Ekman layer, thought to be necessary for transition to
the blue whirl.
Figure 2.17: (A) Image of a blue whirl formed using iso-octane over a flat metallic
plate. (B) The recirculation zone within the blue whirl is visualized by incandescence
of soot particles entrapped in the recirculation zone. This image was captured with
an exposure time of 1/25 s, allowing sufficient time for steaks to develop in the axial
direction. Image from Hariharan et al. [22].
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Figure 2.18: Sequence of images showing the region immediately above the fuel pool
during different intermediary states before formation of the blue whirl. Figure from
Coenen et al. [23].
During the transition from a fire whirl to a blue whirl, the presence of a recircu-
lation zone within the lower blue conical region is visible due to soot incandescence
(Figure 2.17 B). This internal flow structure is visible only during the transition
due to the temporary presence of soot, but it is expected that the recirculation
zone exists after stable blue whirl formation [66]. This recirculation zone was pos-
tulated to be the result of the onset of a bubble mode of vortex breakdown in a fire
whirl [65,181]. The transition process from a fire whirl to a blue whirl occurs in this
order – onset of vortex breakdown in the fire whirl, appearance of the recirculation
bubble, lifting of the base of the flame to form the bright blue ring, formation of
the lower blue cone, disappearance of soot in the flame, and finally stable blue whirl
formation (see Fig. 10 in [66]). The bright blue ring was termed as the vortex rim
in [22], and it was suggested in [65] that it may be similar to a vortex ring, although
these have not yet been confirmed.
Hariharan et al. [22] obtained a thermal map of the blue whirl using thin-
filament pyrometry. The map showed a wide region of high temperatures above the
bright blue ring, and relatively lower temperatures below it. Peak temperatures,
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Figure 2.19: (A) Thermocouple measurements in the blue whirl, showing peak
temperatures around 2000 K. (B) Temperature map obtained by thin-filament py-
roemtry, for a blue whirl formed using iso-octane formed over a water surface. Fig-
ures adapted from [22].
obtained from thermocouple measurements, were found to be around 2000 K in
the region above the ring, termed the purple haze. The temperature measurements
are shown in Figure 2.19. Formation of the blue whirl over surfaces other than
water, such as a flat metallic plate and a porous surface was shown in a follow-up
study [66], which also showed qualitative similarity in the temperature maps. Fur-
ther, images of OH* chemiluminescence in the blue whirl (UV, 310 nm) showed
significant intensity in the bright blue ring, and minimal intensity in the regions
below and above it, which suggested that a significant fraction of the reaction oc-
curred there, which also supports the thermal structure obtained from temperature
measurements. Obtaining a map of equivalence ratio distribution in the blue whirl
using chemiluminescence measurements is discussed later in Chapter 6.
The relationship between the combination of circulation (Γ), heat-release rate
(Q̇) and the dimensions of the enclosure within which the blue whirl formed was
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Figure 2.20: (A) The effect of gap size, S, and fuel flow rate, V̇ , on the fire whirl
regime formed. (B) Relationship between nondimensional circulation and heat-
release rate showing transition limits to the blue whirl. The subscript ‘D’ refers to
the reference length scale, which was chosen as the enclosure diameter for nondi-
mensionalization. Figures from [24].
explored by Hu et al. [24]. This work showed that the Γ and Q̇ resulting in blue
whirl formation (Figure 2.20) was close to the extinction limit previously defined
for fire whirls by Lei et al. [92]. Although apparatus diameter or gap size are
not intrinsic properties affecting fire whirl behavior, these have been used in the
literature for experiments on fire whirls formed in both natural and forced air-
entrainment configurations [5, 11, 12, 54]. Following this approach, nondimensional
circulation (Γ∗D) and heat-release rate (Q̇
∗
D) were defined based on the enclosure
diameter, D. The relationship between these quantities is shown in Figure 2.20 B,
which shows that the blue whirl transition limit depends on the ratio of gap size, S,
to D.
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2.6 Chemiluminescence and Planar Laser-Induced Fluorescence
The detection and measurement of species important to combustion processes
is an important diagnostic method to understand the behavior of flames and com-
bustion devices. A multitude of techniques exist to non-intrusively measure vari-
ous properties such as temperature, flow and chemistry, in a combustion process.
Optical methods are the primary non-intrusive technique, including Raman scat-
tering for major species and temperature [182], and Laser-Induced Fluorescence
Spectroscopy (LIFS) for minor species [183]. While Raman spectroscopy and ab-
sorption methods are also used for detecting and measuring concentrations of major
species [25, 184], techniques related to emission spectroscopy are used in this work.
The nature of emission and absorption by the species are governed by quantum
mechanics [25], and the kinetics governing the formation and destruction of these
radicals in hydrocarbon-air reactions has been studied previously [185–187], and are
used in numerical evaluation of local flame properties [188].
The important species for optical characterization of flames are OH, CH, CO2
and C2 [189], and the spontaneous emission by de-excitation of these radicals is
termed as chemiluminescence. Excited radicals are denoted as OH*, CH*, C2*,
CO2*, which contribute the most to visible and UV emissions in hydrocarbon-air
flames [187,189]. The concentration of these radicals and the corresponding intensity
of emission are a function of pressure [190], local equivalence ratio, strain rate [191],
nature of the fuel, etc. [32,192]. The relative intensity of chemiluminescence signals
may be used to determine local flame properties (in non-sooting flames [182]) by
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Figure 2.21: Schematic showing an experimental setup to perform PLIF. Figure
from Hanson et al. [25].
evaluating the ratio of the relative emission intensities of the different radicals [32,
187,190,192–195].
The other important technique is induced fluorescence, of which the most
commonly used configuration is Laser Induced Fluorescence (LIF). Here, the radicals
are excited by a laser at a particular frequency, and the emission from the excited
state is observed using a camera, which is similar to observations of spontaneous
chemiluminescence. Compared to Raman scattering, the signal levels are higher
in LIF, and species measurement are not affected much by background noise from
other species [25]. When a 2-D laser sheet is used to excite the flame, a camera
is positioned 90◦ to the sheet to detect signals, the technique is called Planar LIF
(PLIF). Figure 2.21 shows a typical experimental setup to perform PLIF. The pulse
(or repetition) rate of the laser can be on the order of kHz, and PLIF is thus
used in the diagnostics of complex combustion environments such as high speed
flow [196, 197], turbulence [67, 198]. It is often used in engines and turbines since
it can often be coupled with other diagnostics such as Particle Image Velocimetry
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(PIV) and/or temperature measurements [59,70,199–202], along with the ability to
image multiple species simultaneously.
45
Chapter 3
Measurement of Particulate-Matter Emissions from
Liquid-Fueled Fires
3.1 Introduction
Marine activities such as oil exploration and extraction can cause accidental
oil spills into inshore or offshore waters. Oil spills can pose a serious threat to sur-
rounding populations [78,203], response workers [77], and ecosystems [120,204,205].
Additional effects include substantial disruption to local oil exploration infrastruc-
ture, marine transportation, and potentially widespread economic impacts [206].
Rapidly advancing oil recovery technology as well as increased interest in local pro-
duction continues to increase the probability of oil spills’ occurrence [207]. In the
case of such a spill, an efficient, effective, and robust treatment technique is crucial
to mitigate their impact. In this regard, in situ burning (ISB) is one of the most
reliable and effective oil spill treatment techniques [74,125,208], particularly in con-
46
ditions where remoteness, harshness of the climate, and scale of the incident make
it impossible for mechanical recovery or dispersant techniques to be deployed and
utilized immediately after the spill.
Decades of laboratory and meso-scale testing of in-situ combustion of oil have
shown that the composition and concentration of emitted emissions from ISBs is
an acceptable trade-off in relation to inshore and offshore contamination and its
environmental consequences and cleanup costs [75,208]. In fact, efficient ISBs have
been shown to effectively eliminate at least 90% of the released liquid oil in some
cases [209–211], and is a relatively fast and portable method of treating oil spills.
This is especially important since 70% of the untreated, spilled oil can emulsify
during the first 24 hours [125].
Despite their effectiveness, ISB techniques are still challenged by the airborne
emissions they release (especially near shorelines), the degree of weathering and
emulsification which decreases fuel flammability, and the intensity of ambient wind
and waves. In general, pool fire burns over water are oxygen-starved [206,212]. This
leads to the emission of black soot (particulate matter, PM) that is visible from as
dense smoke emanating from ISBs. In fact, one of the major operational limits
of current ISB practices is the after-burn emission concentrations, particularly at
the downwind locations that may lie close to populated areas. For instance, the
maximum 1-hour averaged concentration of PM-10 (PM of ten µm or lower in di-
ameter) must not exceed 150 µg/m3, according to ISB guidance from the United
States National Response Team, Science and Technology Committee [206]. Reduc-
tion of PM emission and high-efficiency burning requires the fire to reach ample
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oxygen concentrations, high temperatures over the fuel surface and completeness of
combustion [208].
One potential method of enhancing these parameters is to induce swirl to
the air entrained to the fire, causing the formation of a fire whirl (FW). FWs are
structures which arise when the right conditions of wind and fire interact, and are
typically studied in the context of fire safety during wildland and urban fires [5].
The FW structure results in intensification of combustion, imposing significantly
higher heat feedback to the fuel surface, increasing the rate of burning, potentially
reducing airborne PM, and decreasing post-combustion residuals (on the water sur-
face). It is thought that high efficiency combustion may occur through higher of
oxygen availability and increased temperatures within the fire, ultimately reducing
the emission of PM from the plume. There are open questions, however regarding
this hypothesis. For instance, one important mechanisms of reducing emissions is
ensuring sufficient mixing, which is typically achieved by increasing turbulence in-
tensity. Turbulence, however, is suppressed in FWs [8, 95]. Thus, the hypothesis
that is tested is: the burning of a pool of liquid hydrocarbon fuel in a FW structure
emits lower quantities of PM as compared to burning as a PF.
3.1.1 Outline
This chapter details experimental investigations of emissions from pool fires
(PF) and fire whirls (FW) at various scales, conducted at the University of Mary-
land (UMD) and Worcester Polytechnic Institute (WPI). To demonstrate the ef-
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fectiveness of using FWs over pool fires, experiments were conducted using two
fuels, n-heptane and Alaska North Slope (ANS) crude oil. For all experiments,
laboratory-grade heptane from Aqua Solutions Inc. or Fisher Scientific was used,
and ANS crude oil was supplied by the Bureau of Safety and Environmental En-
forcement (BSEE). Experiments were performed at four different fuel-pool diame-
ters (D = [10, 20, 30, 70] cm). Experiments at D = [10, 20, 30] cm were performed at
UMD, and those at D = 70 cm were performed at WPI. PFs and FWs are compared
on the basis of burning rate (ṁ), post-burn residual weight, emissions of PM, CO,
CO2, O2 consumption, flame temperature and heat feedback (q̇
′′) to the fuel pool.
The general experimental methods used for all experiments at all scales are
described in section 3.2. The experimental data are presented in detail in section
3.3. An analysis of the emission factors and preliminary explanation of the factors
controlling emissions from the different fires is presented in section 3.4, along with
a summary in section 3.5. A detailed analysis of the mechanisms and the role of




A fixed-frame, four-wall configuration was used to generate FWs at all scales.
The four walls were positioned to form an enclosure, and the fuel pool was placed at
the center of the enclosure over the bottom surface. This four-walled setup permits
natural entrainment of air to the fire through the four gaps (see Figure 3.1), forming
an on-source, quasi-steady FW [5]. These are a stable and stationary form of FWs,
providing a good platform to compare them with PFs. Four-walled setups are also
simple to construct and allow flexibility in choosing the enclosure side (S) and gap
width (W ). For experiments at all scales, reliable and steady FW formation was
observed when the W
S
ratio was kept constant at 1
4
. The dimensions of the enclosures
used at different scales in this study are tabulated in Table 3.1. To generate PFs,
the walls were removed to allow radially-symmetric air entrainment to the fire.
A circular dish made of aluminum was used to contain the fuel pool. The
dish was used to hold a water sublayer above which the fuel slick floated, mimicking
open-water conditions at a lab scale. This also eliminated any warping in the metal
dish due to high temperatures during burning of the fuel pool. The quantity of fuel
used for experiments at each scale were determined based on the thickness of the
resulting fuel slick. Since a minimum slick thickness around 2− 2.5 mm is required
to support combustion, a thickness of 5 mm was decided to allow sufficient time
for fire whirl development and adequate data from the various measurements. For
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Figure 3.1: Schematics of the experimental configuration used to form FWs at vari-
ous scales. The ratio of gap width (W ) to enclosure side length (S) was maintained
at W/S = 1/4 for experiments at all scales. Schematic in panel (B) from Tohidi et
al. [5].
experiments at the 70 cm scale, some experiments were performed with both 5 and
7 mm slicks of ANS crude oil to study their effect on boilover. This is discussed in
detail in section 3.3.3 and Chapter 4.
The depth of the dish was dependent on the pool diameter, D. The values
of D, dish depth, fuel volume, fuel-slick thickness for the different experiments are
shown in Table 3.1. For a given experimental condition (defined by D, fuel type
and flame regime), the slick thicknesses were the same for both fuels to maintain
consistency. Similarly, all test conditions were kept consistent for both PF and FW
regimes.
Two liquid fuels, n-heptane and ANS crude oil, were used for experiments.
Experiments were performed at each scale with both fuels to allow for comparisons
and scaling. N-heptane (C7H16) is a single-component liquid hydrocarbon with a
low flash point (−4 ◦C) and was chosen due to its steady burning rate in both the
pool fire and fire whirl regimes. Using this fuel eliminates the effect of time-varying
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Table 3.1: Experimental conditions for pool fires and fire whirls formed using hep-
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fuel composition on the burning rate and aid in identifying general trends to explain
the behavior of more complex fuels like crude oil. ANS crude oil was used to mimic
a realistic spill. Multi-component fuels such as ANS, with their constituent species
having a wide range of flash points, provide an opportunity to study the influence
of a fire whirl on complex fuels and their residue after extinction of the fire. Table
3.2 shows important physical properties of the fuels used.
At D = [10, 20, 30] cm, the fuel dish was placed over a load cell, which was used
to measure the instantaneous mass of the fuel and determine the burning rate (ṁ).
The heat-release rate (HRR, Q̇) is determined by ṁ. At D = 70 cm, however, the
excessive weight of the fuel-water container, the use of a load cell was not possible,
and thus ṁ was not directly measured. Two alternate methods were used instead to
measure Q̇: (i) peak and instantaneous Q̇ was measured using oxygen-consumption
calorimetry; and (ii) the average Q̇ was measured using the average value of ṁ,
52
Table 3.2: Physical properties of the fuels discussed in this work. Data obtained
from Material Safety Data Sheet (MSDS) for each fuel. Crude oil properties are a
strong function of the level of evaporation and composition, resulting in significant








n-Heptane 684 −4 98
ANS Crude Oil 866 25− 35 >38
West Texas Intermediate 867 32 >35
Diesel 830 50 120− 350
determined as the ratio of fuel mass consumed by the fire and the burning duration
(tb).
A typical experiment involved the following steps:
(i) addition of water into the glass dish,
(ii) addition of of fuel (n-heptane or ANS) over the water surface,
(iii) beginning data logging using NI LabView, TSI TrakPro and/or BalanceLink,
(iv) ignition of the fuel using a butane torch,
(v) stopping data logging upon extinction. Residue was collected and weighed for
experiments with ANS crude oil.
All experiments were performed a minimum of three times to assess variability in
the measured quantities.
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3.2.2 Exhaust Duct and Emissions Sampling
The exhaust from the fires were channeled through a duct (28 cm in diameter)
to facilitate sampling and measurement of the different gas species in the combustion
products. The entire fire whirl apparatus was placed under a suction hood as shown
in Figure 3.2. A fiberglass curtain was draped along the perimeter of the hood to
ensure all combustion products were collected. Gases were sampled from the duct
at a downstream location greater than 10 diameters from the entrance to the duct
to ensure for sufficient mixing.
The exhaust duct was instrumented with thermocouples (TCs) and a Verabar
V100 differential pressure transducer. The volumetric flow rate through the duct
was estimated to be 0.114 m3/s, based on a 0.5 V operating voltage in the differential
pressure sensor. A maximum flow rate of 0.8 m3/s could be achieved at ∼3.5 V, with
a roughly linear dependence of flow rate on voltage. The TCs were positioned 5 cm,
10 cm and 14 cm from the wall of the duct. During operation, the maximum spread
of temperature between the three TCs was less than 2 K, justifying the assumption
of constant temperature and well-mixedness across the duct.
Two sampling tubes were used in the suction duct, each with 17 holes, each
2 mm in diameter, along the length of the tube. This ensured sufficient sampling
from across the diameter of the exhaust duct. In both sampling tubes, the sampling
holes were pointed in the downstream direction of the flow within the duct to avoid
clogging of the holes by soot. Combustion products encountered the differential flow
meter, thermocouples, the sampling tube for PM, and sampling tube for gases, in
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Figure 3.2: Schematic showing suction hood and exhaust duct positioned above
the fire whirl apparatus. Flow rate in the duct was determined using temperature
measurements and a differential pressure sensor. Two sampling tubes were used,
one for gaseous species and one for particulate matter. Inlet velocity into the fire
whirl enclosure was measured using either a hot-wire or vane anemometer. Mass of
the fuel dish was measured using a Mettler-Toledo load cell.
that order. Due to the close proximity of the the two sampling tubes, they were
offset by 45◦ (around the axis of the duct) to prevent interference in sampling. An
image of the cross-section of the exhaust duct showing the described arrangement
is shown in Figure 3.3.
The two sampling tubes were used for measuring PM and gas species. The
sampling tube for PM was positioned upstream of the other. The upstream sam-
pling tube was connected directly to a DustTrak 8534 with the manufacturer-
recommended high-temperature rubber tubing. Exhaust from the duct was sampled
at a rate of 3 L/min using the internal pump in the instrument. In order to use
55
Figure 3.3: Exhaust-gas sampling tubes, pressure and temperature sensors posi-
tioned inside the exhaust duct. Exhaust flow direction is towards the reader.
the device on particulate matter (PM) from crude oil and heptane, a gravimetric
calibration of the DustTrak was performed.
The downstream sampling tube was connected to a California Instruments
CAI ZPA NDIR/O2 Analyzer. Sampling was enabled by a double-head vacuum
pump connected upstream of the gas analyzer to provide the required flow rate. A
particulate filter was also connected upstream to the vacuum pump to prevent any
clogs in the pump or gas sensor. The instrument contains IR sensors to measure the
CO and CO2 concentrations on one flow channel and a paramagnetic O2 sensor on
a second channel. CO2, CO and O2 were measured in the range 0–10%, 0–1%, and
0–25%, respectively. The DustTrak 8534 and CAI ZPA Analyzer used are shown in
Figure 3.4. For experiments conducted at WPI, the same arrangement was used,
with the DustTrak for measuring particulates and a Spectris Servomex 4200 gas
analyzer. The operating range of the Servomex and CAI gas analyzers was the
same for each of the gas species (CO2, CO, O2).
A two-point reference calibration for CO, CO2 and O2 using the gas analyzer
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Figure 3.4: Images of (A) CAI ZPA NDIR/O2 Analyzer [26], and (B) DustTrak
DRX Aerosol Monitor 8534 [27].
was performed to determine the response of each sensor before each experiment.
Zero calibration was performed by supplying the sensors with 100% N2 and span
calibration was performed by using a gas combination of 1.007% CO, 7.855% CO2
and 20.01% O2, with the remainder composed of N2. The gas sensors were all
calibrated with their respective calibration gases on each day that experiments were
performed. Experiments conducted at WPI used a similar suite of gas analyzers,
while the same DustTrak was used to measure PM.
The measured soot mass and that measured by the DustTrak was compared
to determine the appropriate settings for future experiments. The instrument was
factory calibrated using Arizona Test Dust [21], and the baseline mass concentrations
calculated by the instrument were based on this density. To adjust for the density
variation between the test dust and the soot in our experiments, a gravimetric
calibration was performed. In parallel to the DustTrak, a separate pump sampling
system was operated at the same flow rate, and the exhaust gases were channeled
through a fine particulate filter, which collects all the PM greater than 0.8 µm. The
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filter elements were weighed on a high-precision mass balance before the experiment,
and the DustTrak and parallel pump system operated for the same amount of time.
Post experiment, the filter element was again weighed to determine the mass of
soot deposited in the test duration. A density adjustment was made according to
Equation 3.1 [213]. Once this correction factor is determined, the values were either







Filter post-weight− Filter pre-weight [mg]
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] × Sampling duration [s] (3.1)
The instrument uses an inbuilt photometric calibration that separates the size
fractions of soot, classifying them as PM-1, PM-2.5, PM-4, PM-10, and Total PM.
The fundamental measurement in the instrument is based on PM-2.5, and the other
fractions are determined based on the size distribution in Arizona Road Dust. This
photometric calibration of size distribution is not directly applicable to soot since it
depends on fuel characteristics. In this work, however, the size calibration had little
effect since the fundamental measurement (PM-2.5) and the Total PM (TPM) were
nearly identical.
An E-instruments E-8500 multi-gas analyzer was used to try to measure other
gaseous species such as NOx, SOx and unburned hydrocarbons (UHC or CxHy) in
experiments with D = 10 cm. However, even when the instrument was used to probe
directly in the flame, the concentration of these species in the plume was lower than
the sensitivity of the instrument, and it was thus difficult to distinguish between
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actual signals and electronic noise. These results are not presented in this work,
and the measurement of these species is suggested as future work. The emission
of SOx is especially important when burning crude oil. Based on the temperature
measurements, substantial emissions of NOx is not expected.
Regardless, the potential presence of these species in the combustion products




Flame temperature was measured for each fire. For D = [10, 20, 30] cm, five K-
type thermocouples (TC, sheathed and grounded, 50 µm bead size) were positioned
along the centerline of the fuel pool at different heights (H), such that the ratio H
D
varied between 1 and 5 (see Figure 3.5A). For D = 70 cm, a tree of 25 K-type TCs
was mounted in the middle of the pool. The first five TCs above the fuel surface
were spaced 0.5 cm apart, and the remaining were separated by 6 cm along the tree.
A schematic of the arrangement is shown in Figure 3.5B. Radiation correction was
not performed for any measurements since measured temperatures were generally
below 1300 K, and the flames were unsteady. Such flames or fires typically require
a two-TC approach to estimate correction [214].
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Figure 3.5: (A) Schematic showing locations of TCs above the fuel pool, used for
experiments with D = [10, 20, 30] cm. (B) Schematic showing locations of TCs for
gas- and liquid-phase temperature measurements for experiments with D = 70 cm.
3.2.3.2 Liquid-Phase Temperature
Another important parameter in PFs and FWs is heat-flux feedback to the
fuel pool. The fraction of heat release that is fed back from the flame to the fuel
surface is a critical parameter influencing energy balance in the fuel layer and is
dependent on flame dynamics and geometry. Since a conventional Schmidt-Boelter
gauge could not be positioned within the fuel dishes with D = [10, 20, 30] cm, the
heat flux was calculated as the average rate of heating of the water sublayer. Prior
to each experiment, the amount of water in the fuel dish was measured, and four
TCs were positioned in the water sublayer (see Figure 3.19). Data from the TCs in
the water layer were used to determine the total heat-flux feedback to the pool.
For experiments at D = 70 cm, a water-cooled heat flux gauge was installed
at different locations in the fuel pool to measure heat feedback from the flame to
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Figure 3.6: TCs for liquid-phase temperature measurements for D = 10, 20, 30 cm.
(A) TCs to check for boiling at the fuel-water interface, without the stirrer. (B) TCs
to check for effect of the stirrer on temperature stratification in the water sublayer.
the fuel.
Small pools with ANS burning were prone to boilover towards the end of
the experiments. Based on previous work on boilover [215], this was attributed to
temperature stratification in the water sublayer and near-boiling temperatures at the
water-fuel interface. To check this, one TC was placed at the fuel-water interface
(3.6A). Results from this experiment are shown in Figure 3.19. One method of
avoiding boilover is ensuring that the water sublayer heats up uniformly. To do
this, a magnetic stirrer was introduced at the bottom of the fuel dish to mix the
sublayer and prevent water at the interface from reaching boiling point. To check
for stratification after positioning of the TCs, all four TCs were positioned within
the sublayer (Figure 3.6B).
A stirrer could not be employed at D = 70 cm, and boilover could not be
avoided. To delay the onset of boilover, however, a pump was used to recirculate
water between the water-fuel interface and the bottom of the dish.
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3.3 Results
3.3.1 Physical Characteristics of PFs and FWs
For each experiment, photographs of PFs and FWs were obtained using a
digital camera. Images of the fires at difference scales are shown in Figures 3.7 and
3.8. For PFs, the average flame height, Hf ∈ [1, 2]D. At the base of PFs, the flame
width, wf , is equal to the pool diameter, D. PFs have a conical flame shape as wf
reduces with axial distance. Entrainment of air along the boundary layer toward
a PF causes necking of the flame at the base and the initiation of Rayleigh-Taylor
instabilities [112]. These instabilities cause rolling-up of the flame sheet (see Figure
3.8A) and a periodic fluctuation of the flame height [14], a phenomenon referred to
as “puffing”. In contrast to PFs, Hf ∈ [3, 6]D for FWs, which have a cylindrical
shape. FWs also show stronger necking at the base of the flame, resulting in reduced
average flame width, wf ∈ [0.5, 1)D. FWs do not show puffing, which is replaced
by a helical instability that causes the flame to wrap around a vortex core [23,102].
3.3.2 Burning Rate
The fuel mass-loss behavior for fires at D = [10, 20, 30] cm is presented in
Figures 3.9 and 3.10. For experiments with heptane fuel, the total mass loss was
the same for both PFs and FWs as no residue was left behind after extinction. For
all conditions considered here, ṁ of the FW regime is higher than the PF regime.
Generally, mass loss is linear for heptane fires, but the rate declines with time for
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Figure 3.7: Photographs of PFs (panels A − D) and FWs (panels E − H) formed
using heptane at D = [10, 20, 30, 70] cm.
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Figure 3.8: Photographs of PFs (panels A − C) and FWs (panels D − F ) formed
using ANS crude oil at D = [10, 20, 70] cm.
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ANS fires. This non-linear behavior of ANS crude oil is seen at smaller scales (see
Figure 3.9). The physical characteristics of the different fires are tabulated in Table
3.3.
A linear fit is used to determine the average ṁ (in [g/s]) from the slope of the
line. For the purposes of comparison, these are shown in Figure 3.9 D and Figure
3.10 C& F. For both heptane and ANS crude oil, the FW regime consumes fuel at
approximately twice the rate of the corresponding PF. For heptane fires, the entire
quantity of initial fuel was consumed, while there was a residue left behind after
extinction of ANS crude oil fires.
For experiments at D = 70 cm, since a load-cell could not be installed beneath
the large fuel container, only an overall average of ṁ could be determined based on
the burn time of each fire and the fuel mass consumed. For a 5 mm slick of fuel,
the mass of heptane and ANS for each experiment was ∼ 1250 g and ∼ 1710 g,
respectively. Since boilover was always observed for ANS at this scale, the slick was
increased to 7 mm, corresponding to an average fuel mass of 2450 g. The post-burn
residual ANS crude oil was collected with adsorbent pads (3M Petroleum Sorbent
Static Resistant Pad HP-556). Table 3.3 shows the initial mass, residual weight and
average burning rate for the different fires at the 70 cm scale. While boilover was
delayed with the 7 mm slick as compared to the 5 mm slick, the intensity was visibly
higher, and is evidenced by the higher average mass-loss rate of the 7 mm slick fires.
65
Figure 3.9: Mass loss behavior of PFs and FWs formed at D = 10 cm. Data from
individual experiments using (A) heptane and (C) ANS crude oil. The marker colors
denote individual experiments. Averaged data and linear fits are shown in (B) and
(D). The slope of the linear fits represents the average burning rate.
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Figure 3.10: Burning rate for PFs and FWs formed with D = [20, 30] cm. The red
and black markers in each panel represent the average of three experiments. Overall
burning rate is shown in panel (C) for heptane fires and in panel (F) for ANS fires.
compared for all medium-scale heptane fires.
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Table 3.3: Tabulated data of average values of burning duration, burning rate,
and estimations for flame width (wf ) and flame height (Hf ) for the different flame
regimes and pool diameters. Experimental variability for ṁ and residue mass are



































(5 mm) 70 180 0.0094 301







(5 mm) 70 161 0.0106 290
(7 mm) 70 167 0.013 382
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3.3.3 Emissions: Particulate matter
Time-varying PM concentration was obtained directly from the DustTrak,
after calibration using Equation 3.1. This value was then converted to a PM emission

















The variation of PM-emission rate with time for the different fires at D =
[10, 20, 30] cm is shown in Figures 3.11−3.13. Consistent with the behavior of ṁ
for PFs and FWs, the duration of PM emission from FWs is roughly half that of
PFs. For D = 10 cm, the peak emission rate is similar for PFs and FWs, and the
steep spikes in PM-emission rate due to boilover are visible in Figure 3.11 C, D. For
D = 10 cm, a few experiments are shown with boilover only to show the effectiveness
of stirring in the water sublayer. At D = [10, 20, 30] cm, experiments that resulted
in boilover were not used to calculate emission factors. The PM-emission rate for
D = [20, 30] cm is similar to those at the D = 10 cm, with some difference in the
peak emission rate between PFs and FWs at each scale. Comparing the different
fuels, for each experimental condition, the PM-emission rate from ANS fires is an
order of magnitude higher than that from heptane fires. Data for D = 70 cm is
discussed in detail in Chapter 4.
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Figure 3.11: Variation of PM-emission rate with time at D = 10 cm. The spikes in
(C) and (D) are instances of boilover towards the end of the burn.
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Figure 3.12: Variation of PM-emission rate with time at D = 20 cm for PFs and
FWs formed using heptane (A, B) and ANS crude oil (C, D). The different colors
represent data from individual experiments.
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Figure 3.13: Variation of PM emissions rate with time at D = 30 cm for PFs and
FWs formed using heptane (A, B) and ANS crude oil (C, D).
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For the 70 cm scale, the emission rate of fires formed using a 5 mm slick of
ANS crude oil are shown in Figure 3.14. For both PFs and FWs, the PM rate
increases linearly initially, but a sharp spike occurs after about 85 s in PFs and 70
s in FWs. This rise in PM rate is due to boilover. To delay the onset of boilover,
a 7 mm slick of ANS was used. Results for fires formed using the 7 mm ANS slick
and 5 mm heptane slick are presented in Chapter 4.
The total mass of PM emitted in each case was calculated according to Equa-






















Figure 3.14: PM emissions rate from PFs and FWs formed using a 5 mm slick of
ANS crude oil at D = 70 cm.
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3.3.4 Emissions: Gaseous species
The gaseous species measured were CO, CO2 and O2. O2 measurements were
also used to estimate the instantaneous heat-release rate of each fire. Data and
figures for D = 70 cm are presented in this section for brevity, and the figures for
D = [10, 20, 30] cm are included in Appendix B.
The emission of CO2 is directly proportional to the consumption of O2. The
emission rate of CO2 and consumption rate of O2 with time for 70 cm fires are
shown in Figure 3.17 and Figure 3.15. For both fuels, peak CO2 emission and O2
consumption are higher for the fire whirl. Consequently, the peak Q̇ of FWs is also
higher than that of PFs (Figure 3.16), which is also evident from the higher ṁ of
FWs (Table 3.3). By assuming ∆hc = 44.9 kJ/g for heptane [17], the average Q̇
derived from ṁ was found to be 0.373 MW for PFs and 0.45 MW for FWs. The
peak Q̇ obtained from O2-consumption calorimetry for these fires was around 0.3
MW and 0.45 MW, respectively.
Similarly, using ∆hc = 42 kJ/g for ANS crude oil [216], the average Q̇ cal-
cualted from ṁ was 0.42 MW and 0.55 MW for PFs and FWs, and the peak ex-
perimental values are in a similar range. The sharp spike in CO2 production and
O2 consumption denotes the onset of boilover in ANS fires. This also indicates that
the instantaneous value of ṁ rises significantly during the boilover phase, leading to
the higher Q̇. This behavior has been observed in previous studies on boilover [215].
The trends in CO emission rate (Figure 3.18) are similar to CO2 and O2. The CO
emission rate from ANS crude oil fires is an order magnitude higher than that from
74
heptane fires.
Figure 3.15: Variation of O2 consumption rate with time for the different fires at
D = 70 cm.
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Figure 3.16: Variation of heat-release rate (HRR) with time for the different fires at
D = 70 cm. HRR was estimated by O2-consumption calorimetry, assuming a value
of 13.1 kJ/g-of-O2 [28, 29].
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Figure 3.17: Variation of CO2 emission rate with time for the different fires at the
70 cm scale.
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Figure 3.18: Variation of CO emission rate with time for different fires at the 70 cm
scale.
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3.3.5 Heat Feedback and Temperature
The efficacy of the stirrer in the sublayer was tested by comparing the temper-
ature measurements with and without the stirrer. When the stirrer was not used, the
temperature at the water-fuel interface reached about 400 K, resulting in boilover.
This is shown in Figure 3.19A, which also shows that the temperature within the
sublayer reduces with depth. This stratification in the sublayer, however, did not
exist When the stirrer was used, and the sublayer temperature showed a linear in-
crease with time (Figure 3.19B). This shows that the stirrer was effective in avoiding
boilover.
Heat feedback to the fuel pool was obtained in two different ways depending
on D. For [D = 10, 20, 30] cm, heat flux was calculated using temperature mea-
surements of the water sublayer since a heat-flux gauge could not be positioned
within these pools. Thus, the heat-flux feedback estimated is averaged temporally
and spatially at these scales.
The total heat feedback was calculated as q = mCp,water ∆T , where m is the
mass of water in the sublayer, Cp,water is the heat capacity of water, and ∆T is the
total rise in temperature of the water sublayer. Since the water sublayer was well
mixed, the temperature readings from all TCs in the sublayer showed very similar
readings. Thus, ∆T represents the rise in bulk temperature. Then, the averaged





Figure 3.19: Effect of using the magnetic stirrer on temperature in the water sub-
layer, (A) with the stirrer showing a decrease in temperature with depth, and (B)
without the stirrer, showing minimal stratification and a single bulk temperature for
the sublayer.
where tb is the burn time and Apool is the pool area. The results for this scale are
shown in Figure 3.20. q̇′′ increases wtih D, and at each scale, FWs exhibit higher
feedback than PFs. This behavior is consistent for both fuels, and ANS fires have
higher feedback than heptane fires. The difference in values at these scales is small,
but the averaging causes peaks in heat flux to be smeared.
At the 70 cm scale, heat-flux gauges were installed in the pool and direct
measurements from a Schmidt-Boelter gauge are shown in Figure 3.21. The heat
flux from heptane PFs tends to peak immediately after ignition, stabilize around 25
kW/m2, and then spike to about 45 kW/m2 prior to extinction. Heptane FWs, on
the other hand, have a relatively stable heat flux feedback around 60 − 75 kW/m2
throughout the burn, peaking around 90 kW/m2. ANS pool fires show relatively
stable heat flux around 40 kW/m2, and fire whirls peak just below 120 kW/m2.
Fire temperature was measured above the fuel pool, with axial distances in
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Figure 3.20: Temporally and spatially averaged q̇′′ for PFs and FWs at D =
[10, 20, 30] cm, formed using (A) heptane and (B) ANS crude oil.
Figure 3.21: Variation of q̇′′ to the center of a 70 cm pool for PFs and FWs formed
using (A) heptane and (B) ANS crude oil.
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the range of H/D ∈ [1, 5] (see Figure 3.5). Measurements along the centerline
give an understanding of the qualitative differences in the heat-flux feedback to the
fuel pool. The temporal change in temperature at the different axial locations for
D = [10, 20, 30] cm is shown in Figures 3.22−3.24.
At D = 10 cm, the peak temperatures are similar for both PFs and FWs,
however, the temperature drops sharply with height in case of PFs. Temperatures
are highest at H/D = 1, and the decline in temperature with height is more gradual
in the case of fire whirls. For the 20 and 30 cm scales, the peak temperatures of
fire whirls is higher by about 200 K, but the decline in temperature with height
is still evident in the pool fires. The temperatures measured here cannot be used
to directly calculate heat-flux feedback, but they help in explaining the qualitative
differences between pool fires and fire whirls. These measurements do not represent
temperatures at the flame sheet, and have not been corrected for radiation since the
maximum value is below 1300 K.
Temperature data for D = 70 cm are shown in Appendix B.
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Figure 3.22: Flame temperatures at different axial locations (H) above the fuel
surface, for PFs and FWs formed using heptane and crude oil, at D = 10 cm. Here,
data from a single experiment is shown so that there is no smearing of trends due
to averaging.
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Figure 3.23: Temperature measurements for fires formed at D = 20 cm.
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Figure 3.24: Temperature measurements for fires formed at D = 30 cm.
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3.3.6 Air-Entrainment Velocity
The configuration used here for forming FWs is termed as a fixed-frame ap-
paratus with natural air entrainment. Air entrainment to the fire is controlled
by the buoyancy generated within the enclosure and the gap size of the inlets. Air-
entrainment (inlet) velocity measurements using either a hot-wire or vane anemome-
ter are reported here. The ambient circulation, Γ, was estimated as Γ = 4S Uθ,
where Uθ is the average tangential inlet velocity measured using the anemometer.
The values of Uθ and Γ for the different cases are shown in 3.25.
Values for Uθ were averaged over time and between several repetitions, with
one standard deviation measurements shown as error bars in Figure 3.25 A,B. Uθ
was measured at only one H for FWs at D = [20, 30] cm, shown in panels C and
D. At all values of D, Uθ for heptane FWs was higher than that for ANS FWs.
The inlet velocity decreases with height (see panels A and E ). For D = 70 cm, a
constant gap size of W = 45 cm was used, and Uθ was measured using a combination
of hot-wire and vane anemometers. The average Uθ for heptane FWs was between
0.7 and 0.8 m/s, and showed a slight decrease with H. Uθ for ANS FWs decreased
from about 0.76 m/s (at H = 20 cm) to 0.45 m/s (at H = 100 cm).
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Figure 3.25: Measurements of Uθ and estimates of Γ for FWs formed using heptane
and ANS at different D.
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3.4 Discussion of Results
To compare the emissions from the two flame regimes formed at different D,
the total mass of each emissions species emitted (or consumed, in the case of O2)
was calculated according to Equation 3.3. For PM, CO2, CO, the emission factor
(EF) was defined as
EFspecies =
mass of emission species [g]
mass of fuel burned [kg]
(3.4)
Similarly, a consumption factor (CF) of O2 by each fire was defined as
CFO2 =
Total O2 consumed [g]
Mass of fuel consumed [kg]
(3.5)
The above definitions are based on the total mass of each species and the mass
of fuel burned. A similar definition based on only the carbon content is presented
in Chapter 4. The calculation of emission factors at D = [10, 20, 30] cm does not
include experiments that showed boilover. The EFs and CF for the different fires
are presented in Figure 3.26. In general, the EFPM of the FW regime is lower than
that of the PF regime, for both fuels and all D. For both fuels and flame regimes,
EFPM reduces from D = 10 cm to D = 30 cm, then increases again at D = 70 cm.
The rise in EFPM at D = 70 cm cannot be attributed only to boilover since it is
observed even for heptane.
In the case of heptane fires, EFCO2 and CFO2 are similar for PFs and FWs.
EFCO from PFs is slightly higher for FWs. EFCO for heptane fires are on the order
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Figure 3.26: EFs and CF (fuel-mass based) for heptane and ANS crude oil fires at
different D. Panels (A–D) show results for heptane, and panels (E–H) for ANS
crude oil fires. The black square markers denote results for PFs and the red circles
denote those for FWs.
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of 1 g/kg-of-fuel, which is 3 orders of magnitude below that of EFO2 and EFCO2 .
While the same amount of O2 is consumed by both PFs and FWs, the total amount
of PM and CO emitted by FWs is lower. In the case of ANS crude oil, the amount
of O2 used for combustion by FWs is higher, and consequently the amount of CO2
emitted is also higher. EFCO for ANS fires are on the order of 10 g/kg-of-fuel, and
EFCO for FWs is higher than for PFs.
The difference in PM emissions behavior between PFs and FWs stems from
multiple factors including fluid dynamics of air entrainment to these fires, the global
equivalence ratio (determined by oxygen consumption), effect of D on turbulence
and mixing, flame temperature, radiation heat transfer, and the nature of the fuel.
These factors are intrinsically coupled and constitute a complex heat-feedback loop.
For instance, radial air entrainment increases oxidizer concentration, and reduces
flame standoff distance [87] causing convective heat transfer to increase due to higher
velocity gradients in the boundary layer [5]. This causes an increase in ṁ, Q̇ and
∆T , increasing the buoyancy within the enclosure, in turn sustaining high values of
Uθ.
The above mechanism need to be studied in detail at small scales to understand
the dynamics of mixing. A general explanation of PM reduction in fire whirls may be
approached by analyzing the increase of average plume temperatures in the presence
of additional oxygen (see section 3.3.5), potentially causing partial re-oxidation of
carbon in the soot into CO. Higher temperatures potentially contribute to lower PM
emissions in two ways:
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(i) increasing radiative feedback from soot incandescence. This is visible in Figure
3.21 where the peak heat flux feedback from fire whirls is higher than that in
pool fires. The difference is especially high in case of ANS fires which have a
higher soot concentrations than heptane fires. The higher values of q̇′′ leads
to higher ṁ.
(ii) enabling partial oxidation of soot formed in the lower part of the fire whirl.
While the mechanism of the soot oxidation or mixing cannot be established
from the data presented here, it is clear that a simultaneous reduction in EFPM
and an increase in EFCO for fire whirls is the result of higher EFO2 and ∆T .
These higher temperatures exist over a longer length scale, which potentially
provides sufficient time for mixing and soot oxidation.
The combinations of Q̇ and Γ for the different FWs in this study are shown
in 3.27A. The range of Q̇ in the study spans three orders of magnitude, and q̇
increases linearly with Q̇ (Figure 3.27B). Parameters such as ṁ and q̇′′ are expected
to stabilize beyond 70 cm [217] and the results at D = 70 cm may be used to
determine applicability to field trials (Figure 3.28).
Chemical-kinetic mechanisms that control soot formation and destruction have
not been explored in this work. Parameters such as residence time, flame surface
area, turbulence intensity at the different regions of the FW and PF structures
determine the emissions of PM. These details of these parameters, however, have
not been addressed in this work. The hypothesis that FWs indeed result in lower PM
emissions has been confirmed, and predicting the reduction in PM emissions requires
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Figure 3.27: (A) Combination of peak Q̇, and Γ for the different FWs in this study.
(B) Variation of q̇ with D.
Figure 3.28: Burning rate and flame height for pool fires formed using various liquid
fuels. As radiative feedback begins to dominate in large fires, burning rate tends to
flatten with pool diameter. Figure adapted from [30].
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establishing relationships between the EFPM factor and parameters such as Γ, Q̇
and q̇′′. These global variables define the structure of a FW, and they parameters
vary significantly with D (Figure 3.27). Thus, the explanation of the reduction in
emissions across length scales can be based on a phenomenological approach, using
scaling analysis to relatE EFPM to nondimensional circulation, heat-release rate and
heat-flux feedback. This is explored in Chapter 4.
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3.5 Summary
Experiments were performed at different length scales, defined by fuel-pool
diameter, to quantify emissions from liquid-fueled pool fires and fire whirls. Two
fuels were used – heptane, a single-component hydrocarbon, and ANS crude oil, a
multi-component mixture of hydrocarbons with large differences in molecular weight
and boiling point among the components.
Results show that at all pool diameters, FWs have higher burning rate and
lower PM emission factor compared to corresponding PFs, confirming the original
hypothesis. PM emission factors from ANS crude oil fires were an order of magnitude
higher than those from heptane fires. In the case of ANS crude oil fires, fire whirls
also had higher fuel consumption efficiency, although the difference between pool
fires and fire whirls was negligible when boilover occurred.
Preliminary explanations for this reduction in PM emissions are based on
a feedback mechanism between heat-flux feedback, heat-release rate, entrainment
and gas temperature. A scaling approach is necessary to relate the different fire
parameters to emissions. Further, the effect of boilover needs to be investigated
further using data from the 70 cm ANS crude oil experiments. These aspects are
discussed in detail in Chapter 4.
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Chapter 4
Effect of Circulation and Heat-Release Rate on
Particulate-Matter Emissions
4.1 Overview
The addition of swirling flow in a combustor improves flame stability, enhances
combustion efficiency and reduces emissions [57]. In most swirl combustors, reduc-
tion in emissions typically depends on increasing mixing by increasing turbulence
intensity [59, 60]. While there are similarities between swirl combustion and fire
whirls, they differ in the manner of air entrainment. In swirl combustion, air is
typically premixed with fuel, or injected with considerable axial momentum around
a central fuel port or spray injector. There is negligible axial momentum from air
entrainment at the bottom surface boundary over which fire whirls are formed, and
combustion occurs in a structure that is defined by the Burger’s vortex [4]. Com-
pared to pool fires (PF), fire whirls (FW) show higher fuel consumption rates [88]
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and burn at higher temperatures [109]. In contrast to swirl combustion, turbulence
is generally suppressed in FWs [95]. A fundamental question needs to be answered
to evaluate the potential for using FWs in ISBs – when compared to PFs, do FWs
emit lower quantities of airborne soot? The experimental data in Chapter 3 showed
that the PM emission factor (EFPM) was lower for FWs at a given pool diameter.
In this chapter, the effect of length scale (pool diameter) on burning rate,
fuel-consumption efficiency, emissions of PM, unburned hydrocarbons (UHC), CO2,
heat-flux feedback to the fuel pool, and emission factors for each species are explored
in detail. Then, two scaling parameters relevant to FW behavior are defined –
inverse Rossby number (Ro−1), which represents the effect of ambient circulation,
and nondimensional heat-release rate (Q̇∗), the effect of buoyancy. EFPM of ANS
FWs decreases linearly with the ratio (Ro−1/Q̇∗), which quantifies the competition
between tangential momentum and axial buoyant momentum. Finally, for ANS
fires, boilover was found to cause most of the fuel to be burned in the post-boilover




The raw experimental data from Chapter 3 is used as the basis for analysis.
The instantaneous concentration measured for each species and the total volumetric
flow rate through the duct were used to calculate the emission rate in units of






















where V̇ is the volumetric flow rate measured in the exhaust duct, C is the con-
centration measured by either the gas analyzer or PM sensor, and tb is the burn
duration.
The concentration of unburned hydrocarbons (UHC) was not directly mea-
sured, but was estimated using the carbon mass balance approach [116], assuming
the different emissions to be composed of four species, CO2, CO, PM and UHC. The
carbon mass emitted as UHC was estimated as the difference between carbon mass
in the fuel consumed and the total carbon mass measured as CO2, CO and PM. The
carbon mass in heptane and ANS crude oil was 84% and 85.9% [221], respectively.
For each of the emitted species, an emission factor was defined as
EFspecies =
Mass of carbon in emission species [g or kg]
Mass of carbon in fuel consumed [kg]
(4.2)
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based on the carbon mass in the species and carbon mass in burned fuel, similar to
previous work [116,222]. The burning efficiency (ηb) was defined as
ηb =
Mass of carbon emitted as CO2
Total mass of carbon in CO2, CO, PM, UHC
(4.3)
to compare the relative amount of C emitted as CO2 to the total mass of C
emitted from the fuel as CO2, CO, UHC and PM. In this way, both ηb and EF
are bounded between 0 and 1, and also cause ηb to be numerically equal to EFCO2 .
Finally, oxidation factor (OF) is defined for each case as
OF =
Mass of O2 emitted as CO2
Total mass of O2 consumed
(4.4)
which quantifies the fraction of total oxygen consumed that is emitted as CO2. An
oxidation factor of 1 implies all the O2 consumed is emitted in the form of CO2.
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4.3 Results
4.3.1 Effects of D on Fire Behavior
The variation of burning rate (ṁ) with D is shown in Figure 4.1. For both
heptane and ANS crude oil, ṁ is higher for FWs. The experimental variability in
the measurement of ṁ was negligible, evidenced by the very small error bars in
Figure 4.1. For fires formed using each fuel at D = [10, 30] cm, the ratio of ṁ of
FWs to PFs is about 2, and at D = 70, the ratio is 1.3. Comparing each flame
regime individually for the D = [10, 20, 30] cm, ṁ for heptane fires is larger than
that for ANS fires. This trend, however, reverses at D = 70 cm, where ṁ of ANS is
higher than that of heptane. This is also evident in Figure 4.2A, which shows the
variation of fuel mass flux (ṁ′′). For heptane FWs, ṁ′′ declines with scale, while for
heptane PFs, ṁ′′ decreases from 10− 30 cm and then increases at the 70 cm scale.
For ANS fires, however, ṁ′′ increases linearly in the 10−30 cm scales, but increases
sharply between the 30 and 70 cm scales. The characteristics described above were
also tabulated in Table 3.3.
Upon extinction of an ANS crude oil fires, some residue remained over the
water surface. This residue is primarily composed of heavier hydrocarbons and tars
in the fuel [221]. Measurable residues were not observed with heptane fuel. For
ANS fires, fuel-consumption efficiency (ηfuel) was defined as
ηfuel =
mass of fuel burned
initial mass of fuel
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Figure 4.1: Comparison of ṁ for PFs and FWs formed using (A) heptane and (B)
ANS crude oil.
Figure 4.2: Variation of (C) ṁ′′ for heptane and ANS fires, and (D) ηfuel with D
for ANS fires.
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and is shown in Figure 4.2B. In experiments at D = 10 cm, ηfuel of FWs about
53%, while that of PFs was just over 40%. At D = 70 cm, efficiencies above 80%
were observed for both PFs and FWs. Removal efficiencies above 90% have been
reported in field trials [208]. ηfuel is higher for FWs at D = [10, 20, 30] cm, but this
difference is negligible at D = 70 cm. The sharp rise in both ṁ′′ and the negligible
difference in ηfuel between for ANS PFs and FWs at D = 70 cm is attributed to
boilover (section 4.4.2).
4.3.2 Circulation and Heat Feedback
The combination of circulation (Γ) and heat-release rate (Q̇) defines the state
and shape of a FW [92]. Values of Γ and Q̇ for the FWs in this study are shown
in Figure 4.3. The Q̇ was estimated as Q̇ = ṁ∆hc, where ∆hc is the lower heating
value of the fuel, and Γ was estimated as Γ = 4S Uθ. The Q̇ of the FWs in this study
spans three orders of magnitude, wider than most previous studies. According to
previous definitions by Lei et al. [92], the shapes of the FWs observed in this study
may generally be classified as cylindrical FWs.
The Γ calculated for the FWs in this study is compared to the inverse of the
Rossby number in Figure 4.4A. The quantity Ro−1 describes the ratio of azimuthal
(tangential) momentum from circulation to the buoyant (axial) momentum from
heat release. Following [9], Ro−1 was estimated as (ΓD)/(ṁ′′/ρb), where ρb is the
air density at T = 1300 K. While Γ increases continuously with pool diameter, Ro−1
increases from the 10−30 cm scales, but is relatively unchanged between the 30 and
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Figure 4.3: Combinations of Q̇ and Γ for the FWs in this study, showing a logarith-
mic relationship for both heptane and ANS FWs.
70 cm scales. Both Γ and Ro−1 are generally higher for FWs formed using heptane
when compared to those formed using ANS crude oil.
The variation of average heat-flux feedback, q̇′′, with D is shown in Figure
4.4B. q̇′′ is higher for FWs at all scales, although the difference is very small in the
10 − 30 cm scales. At the 70 cm scale, however, q̇′′ for FWs is more thna twice
that for PFs. Also, for the two flame regimes, the value of q̇′′ for is higher for fires
formed with ANS crude oil than those formed with heptane, partly due to the higher
concentration of soot particles in the flame. This is discussed in section 4.3.3. For
FWs, since Γ increases linearly with D, q̇′′ also increases roughly linearly with Γ
(Figure 4.4C). For each case, nondimensional heat flux was estimated from [223]
as q∗f = q̇
′′ / (ρ0 cp ∆T
√
gD) and its variation with Γ is shown in Figure 4.4D. In
general, an increase in circulation corresponds to an increase in heat flux feedback
to the pool, similar to previous studies [87, 224]. The experimental variation is
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Figure 4.4: Variation of (A) Γ and Ro−1 with D, (B) q̇′′f with D. Panels (C) and
(D) show the linear increase in q̇′′f and q
∗
f with Γ for FWs. Solid lines indicate linear
fits for heptane FWs, and dashed lines indicate those for ANS FWs.
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higher for fires at D = 70 cm since these measurements were made directly using
a Schmidt-Boelter gauge, whereas experiments in the smaller scales are averaged
temporally and spatially, and instantaneous fluctuations are not apparent.
4.3.3 PM Emissions
The PM-emission rate for fires at D = 70 cm is shown in 4.5. Panels (A)
and (B) compare heptane fires, and panels (C) and (D) compare ANS fires, with
the different line colors indicating individual experiments. As FWs have a higher
burning rate as compared to PFs, the duration of PM emission is lower. The peak
emission rate of PM is higher for PFs (250 mg/s for heptane PF, 3000 mg/s for
ANS PF) than for FWs (175 mg/s for heptane FW, 2300 mg/s for ANS FW). The
instantaneous PM emission rate from ANS fires is an order magnitude higher than
that from the heptane fires. For heptane fires, the peak emission rate is observed
roughly around the middle of the burn duration. For ANS fires, however, there
is an initial linear increase in the emission rate from ignition, with a sudden spike
in the rate, followed by a quick drop towards extinction. The sharp spike in the
emission rate (at ∼65 s for ANS FWs, ∼110 s for ANS PFs) is caused by the onset
of boilover. Boilover was seen only with ANS crude oil at D = 70 cm, and hence
the sharp rise in PM emission rate was not seen in ANS fires for D = [10, 20, 30] cm
(refer to Figures 3.11−3.13).
The PM emission factor, EFPM, calculated according to Equation 4.2 is pre-
sented in Figure 4.6. The definition of EF based on carbon content of the fuel also
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shows that a lower fraction of carbon in the fuel is emitted as soot by FWs. For
PFs and FWs formed with both heptane and ANS crude oil, the lowest EFPM is at
the 30 cm scale. For PFs and FWs formed using ANS crude oil, the value of EFPM
in the pre-boilover and post-boilover periods are similar to the overall EF (Figure
4.5B).
The EFs of UHC (EFUHC) and of CO2 (EFCO2) are shown in Figure 4.7.
The lowest EFUHC is seen at D = 20 cm for both heptane and ANS crude oil. For
heptane fires (Figure 4.7A), EFUHC for FWs is slightly lower than from PFs, and this
simultaneously corresponds to slightly higher EFCO2 (Figure 4.7C). For ANS fires at
D = [10, 70] cm, EFUHC is slightly lower for FWs, along with slightly higher EFCO2 .
At D = [20, 30] cm, however, FWs show slightly higher EFUHC but lower EFCO2
(Figure 4.7D). Compared to CO2 and UHC, CO is found only in trace amounts.
EFCO is shown in Figure 4.7 (E) and (F). For heptane, fires, FWs show lower EFCO
than PFs. This is reversed for ANS fires, with FWs showing higher EFCO than PFs.
The EFs discussed above were calculated based on the mass of carbon in the fuel.
The EFs determined on the basis of the total fuel mass burned are tabulated for all
species in Table 4.1. EFs calculated by the two methods vary numerically, but show
the same trend with D. The mass of UHC emitted was calculated as the product
of the molecular weight of propane (C3H8) and the estimate of carbon emitted as
UHC.
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Figure 4.5: PM emission rate, measured at 1 Hz, as a function of time for 70 cm
heptane PFs and FWs are shown in panels (A) and (B). Data for 70 cm ANS PFs
and FWs are shown in panels (C) and (D). Boilover is evident in the PM emission
rate for both ANS PFs and FWs.
Figure 4.6: EFPM for the different values of D is shown for fires formed using heptane
and ANS crude oil in panels (A) and (B). Panel (B) shows markers for overall EFPM,
and those calculated for the pre- and post-boilover periods.
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Figure 4.7: Variation of different EFs with D. EFUHC is shown in panels (A) and
(B), EFCO2 in panels (C) and (D), and EFCO in panels (E) and (F). Data for 70 cm



























































































































































































































































































































































































































































































































































































































































































































































































































































































































































The experimental results presented above show that a pool of liquid fuel when
burned as a FW, in comparison to a PF, has a higher burning rate and emits lower
peak concentrations of airborne PM. These factors together result in a lower EFPM
for FWs. Additionally, when ANS crude oil is used as the fuel, FWs had a higher
ηfuel since the residual mass upon extinction was lower. A minimum slick thickness
of 2 − 2.5 mm is required to sustain burning over water surfaces [121, 208] due to
heat loss to the water surface beneath the fuel. Consequently, the consumption
efficiency for a given flame regime and pool diameter is directly proportional to the
initial slick thickness, since all fires will eventually burn down to the minimum slick
thickness.
The behavior of EFPM also shows significant dependence on the fuel type.
The EFPM for ANS fires is an order of magnitude higher than those for heptane.
Lighter fuels are known to have lower EFs than fuels that are contain high-molecular
weight, complex components [16, 116]. For a given flame regime, higher values of
EFPM are seen for crude oil, a multi-component fuel with long-chain hydrocarbons
with complex structures [221].
The addition of swirl to jet flames results in the reduction of emissions from
swirl burners [60]. In swirl burners, the reduction in emissions is enabled by enhanc-
ing mixing caused by increased levels of turbulence intensity, which causes combus-
tion to approach premixed conditions. Turbulence, however, is suppressed in FWs,
and is one of the reasons for elongation of the flame as compared to a PF formed
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Figure 4.8: Grashof number (Gr) at different values of D.
over a pool at the same D [8,95]. The reduced effect of turbulence is evident in the
lower values of the Grashof number (Gr) for PFs in Figure 4.8. Gr was estimated
as Gr = gβ∆TD3/ν2, where g is gravitational acceleration, β is the ideal-gas ex-
pansion coefficient, ∆T is the excess temperature, and ν is the kinematic viscosity.
Gr increases significantly with D, but only the fires at D = 70 cm approach the
turbulent regime (Gr > 109) [225]. Thus, the lower value for EFPM for FWs is not
explicable based on turbulence or mixing effects.
The values of EFUHC and EFCO2 are at least an order of magnitude higher
than EFPM, showing that a majority of the carbon in the fuel is emitted in the form
of gaseous components, and that only a small fraction is emitted as particulate soot.
So, small differences in the values of EFUHC and EFCO2 between the PF and FW
regimes can cause significant differences in EFPM. This is evident when comparing
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Figure 4.5 (C,D) with Figure 4.7 – the value of EFPM for FWs is roughly half that
of PFs, but the values of EFUHC and EFCO2 are within 10% of each other for the
different cases.
In the following section, the behavior of EFPM with FW-scaling parameters
is analyzed to provide preliminary explanations of the differences between PFs and
FWs that lead to reduced emissions.
4.4.1 Scaling
In a FW setup with natural entrainment, Γ is intrinsically coupled with Q̇
[24]. This is because the buoyancy, that stems from Q̇, controls the strength of
air entrainment into the enclosure, Uθ, which in turn determines Γ. The effect of
circulation on FWs is represented by either the Froude number (Fr = U2θ /gD),
which is analogous to the Richardson number (Ri = gβ∆TD/U2θ ). Both Fr and Ri
represent the competing effects of tangential momentum from ambient circulation
and buoyant momentum from heat release. While Ri has previously been used to
describe Hf [93], Chuah et al. [9] showed that the effect of circulation on FWs and
Hf was better represented by the Rossby number (Ro), a nondimensional quantity
that is equivalent to Ri−1. The effect of buoyancy on the FW is represented in the








where ρ0 is the ambient air density [17], Q̇ is the average heat-release rate. The
variation of Q̇∗ with D is shown in Figure 4.9A. We now define the ratio (Ro−1/ Q̇∗)
to compare the effects of buoyancy and circulation for FWs formed at different
length scales. The effect of this ratio on EFPM for heptane and ANS FWs is shown
in Figure 4.9B.
For ANS FWs, Figure 4.9A shows a linear relationship between EFPM and
(Ro−1/Q̇∗). EFPM decreases as (Ro
−1/Q̇∗) increases, indicating that as the effect
of circulation increases relative to buoyancy, conditions are favorable for lower PM
emissions. The ratio (Ro−1/Q̇∗) has a similar effect on EFPM from heptane fires,
with the lowest emissions seen at (Ro−1/Q̇∗) ≈ 150. Beyond this value, however,
there is an increase in EFPM for heptane FWs.
For a given fuel and D, with the increasing effect of circulation, EFPM reduces
linearly with (Ro−1/Q̇∗), but there exists an upper limit beyond which EFPM rises
again. The increase in EFPM for heptane fires beyond this threshold value agrees
with previous observations of FW behavior under high values of Γ – above a certain
value of ambient Γ, FWs show reduced Hf , increased wf , and increased soot emis-
sions that are visible as black smoke [61, 92, 226]. Recent experiments conducted
by Lei et al. [92] showed that as Γ is increased at a constant value of Q̇, Hf first
increases, then decreases. This change in Hf and wf resulting from high Γ is re-
ferred to as “over-rotation” [226]. Above (Ro−1/Q̇∗) ≈ 150, the increase in EFPM
may be attributed to over-rotation in heptane FWs. It appears that there may be a
different value of this threshold for different fuels, since over-rotation is not observed
for ANS FWs in Figure 4.9B.
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Figure 4.9: (A) Variation of Q̇∗ with D. (B) Variation of EFPM with (Ro
−1/Q̇∗).
Burning efficiency for (C) heptane and (D) ANS fires. Oxidation factor for (E)
heptane and (F) ANS fires.
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For ANS FWs, the highest value of the ratio (Ro−1/Q̇∗) is found forD = 30 cm.
Going from the 30 to 70 cm scales, the value of Ro−1 remains relatively unchanged
(see Figure 4.4A), but Q̇∗ increases (Figure 4.9A), causing (Ro−1/Q̇∗) to decrease
from 213 to 141. The increase in Q̇∗ at 70 cm is a direct consequence of the steep
rise in ṁ′′ caused by boilover. In contrast, for heptane FWs, the largest value of the
ratio (Ro−1/Q̇∗) is 231, occurring at D = 70 cm. Similar to ANS FWs, heptane FWs
at D = 30, 70 cm have similar values for Ro−1, but Figure 4.9A shows that heptane
FWs have the lowest value of Q̇∗ for fires at D = 70 cm. The significant reduction
in Q̇∗ from the D = 30 to 70 cm is the major contributing factor to increasing the
effect of buoyancy (Figure 4.9B) on the FW and leads to an increase in the value
of the ratio Ro−1/Q̇∗. Thus, over-rotation in heptane FWs at D = 70 cm is a
consequence of a decline in Q̇∗ rather than an increase in Ro−1. It is hypothesized
that if boilover did not occur, the value of Q̇∗ would have been lower, causing the
value of the ratio (Ro−1/Q̇∗) at D = 70 cm to be higher than that at D = 30
cm, potentially presenting the opportunity for over-rotation to occur. This may
not, however, be a preferred FW state for practical applications since it leads to an
increase in EFPM. The variation of (Ro
−1/Q̇∗) with D is shown in Figure 4.10.
The variation of ηb and OF, calculated according to Equations 4.3 and 4.4,
with D are shown in Figure 4.9 (C−E) for the all the different cases. Generally,
FWs have higher values for both ηb and OF as compared to PFs, showing that a
higher fraction of carbon from the fuel is oxidized to CO2, causing EFPM to be
lower for FWs than for PFs. Based on the expressions in Equations 4.2 and 4.3, ηb
is numerically equivalent to EFCO2 . Again, the metrics ηb and OF are calculated
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Figure 4.10: Variation of the value of (Ro−1/Q̇∗) with D for heptane and ANS FWs.
The ratio un
based on gaseous components, which are primarily composed of CO2. So even
slight improvements in converting carbon in the fuel to CO2 can result in significant
reduction in soot (PM) emissions. Both these parameters are generally higher for
heptane fires than for ANS fires. The high values for ηb and OF for ANS fires at
the 20 cm scale leads to lower EFPM at these scales for both fuels (see Figure 4.6).
4.4.2 Boilover
The violent burning of thin layers of oil over water is referred to as boilover
[215]. Figure 4.11A shows a comparison of normal burning (panel A) and boilover
burning (panel B). This regime of burning is caused by a sudden expansion of
superheated water-vapor bubbles that nucleate at the fuel-water interface. Char-
acteristics such as burning rate and flame height in this regime depend on many
factors including slick thickness, D, fuel type and vaporization order, weathering,
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q̇′′, etc. [121, 227]. Generally, boilover causes a significant increase in both Hf and
ṁ.
In this work, boilover was observed only with ANS crude oil, and was actively
avoided in the 10− 30 cm experiments by using a magnetic stirrer to continuously
mix the water sublayer. This ensured that the water bulk temperature increased
only about 10 − 30 K, depending on D and the flame regime. This prevented the
fuel-water interface temperature from reaching boiling point, avoiding any bubble
nucleation. At the 70 cm scale, however, a stirrer could not be used. Instead, a
recirculating pump system was installed to recirculate the water from the water-fuel
interface to the bottom of the sublayer. However, the recirculation system could
not completely prevent boilover due to the large value of D, but could delay the
onset. For ANS experiments at D = 70 cm, a slick thickness of 7 mm was used
instead of the 5 mm that was used at the smaller scales. The recirculation system
and increased slick thickness delayed boilover onset by about 40 s, allowing sufficient
time for capturing data in both normal burning and boilover burning regimes.
During boilover, the bubbles shoot through the fuel-water interface, ejecting
oil droplets into the flame [215]. Streaks of these evaporating fuel droplets are visible
in Figure 4.11B, significantly increasing the effective surface area for combustion.
This results in the large value of both ṁ′′ (Figure 4.2B) and ηfuel (Figure 4.2C) for
ANS fires at the 70 cm scale when compared to the smaller scales. Boilover burning
is also responsible for increased q̇′′ (Figure 4.4), partially through enhanced radiative
feedback, which in turn sustains a high temperature at the fuel-water interface.
The onset of boilover can be determined visually, but was also determined by
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Figure 4.11: Images of a PF under (A) normal and (B) boilover burning, formed
using a 5 mm slick of ANS crude oil. The streaks seen in (B) are formed by the
fuel droplets emanating from the fuel pool. Variation of carbon-emission rate with
time (D = 70 cm) for (C) heptane PF and (D) ANS PF. (D) Bar graphs showing
the difference between PFs and FWs (D = 70 cm) on the basis of time for onset of
boilover, fuel mass consumed before boilover onset, and fuel mass consumed during
boilover.
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the rate of emission of carbon emitted by the fire. This was determined from the
cumulative measurements of the carbon emission from CO2, CO and PM. Carbon-
emission rate is almost constant during the normal burning, shown in Figure 4.11C
for heptane PFs (D = 70 cm). When boilover occurs, however, the slope of this
curve changes during the burning period, seen in Figure 4.11D, showing the carbon-
emission rate for ANS PFs. The time at which the slope of the carbon-emission
increases to a new value is denoted as the onset of boilover. For the 7 mm slicks
used in these experiments, the mean boilover-onset time for PFs and FWs was 111
s and 63.5 s, respectively.
The carbon-emission rate is higher during the boilover phase, resulting in the
higher overall value of ṁ and ṁ′′ for ANS fires (Figure 4.2 A and B). The mass
of fuel consumed in each phase was calculated using the boilover onset time, the
fraction of O2 consumed in the pre-boilover regime, and then extrapolating the
fraction to the total fuel mass consumed. For FWs, only 14% of the fuel is burned
prior to boilover onset, compared to 25% for PFs (Figure 4.11E). Thus, a majority
of the fuel consumed by the FW is during the boilover phase, resulting in the steeper
carbon-emission rate in Figure 4.11D.
Figure 4.6 and Table 4.1 show that the value of EFPM for the pre- and post-
boilover periods is very similar to the overall EFPM, meaning that the fraction
of total carbon in the fuel that is emitted as soot is similar in these periods. This
suggests that in terms of soot emissions, the effectiveness of the FW regime is rather
similar during normal burning and boilover burning. Present understanding of ISBs
suggests that boilover does not occur over open water [208]. Given some of the
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benefits of boilover over normal burning such as increased ṁ′′, ηb, radiative feedback,
and an EFPM similar to normal burning, it may be advantageous to purposely induce
boilover during open-water ISBs.
4.4.3 Factors influencing PM emissions
A preliminary analysis of the differentiating factors between PFs and FWs,
and their relation to EFPM is discussed briefly. First, the higher oxygen consump-
tion (and OF) for FWs suggests that their global equivalence ratio is leaner than
that of PFs. This causes higher average temperatures in the FW structure, which
has a larger surface area as compared to PFs. The high temperatures and improved
view factor results in higher radiative heat feedback to the fuel pool [87]. The ra-
diative feedback is higher in ANS fires than heptane fires (Figure 4.4) due to the
higher concentration of soot particles in the flame. The convective heat feedback is
also enhanced by the strong radial inflow at the bottom boundary layer [88]. When
compared to PFs, increased heat feedback (q̇′′) leads to higher fuel-evaporation rate
(ṁ) and thus, higher heat-release rates (Q̇). In a FW apparatus with natural air en-
trainment, increased Q̇ corresponds to increased Uθ and Γ, which in turn contribute
to decreasing overall equivalence ratio, increasing OF, ∆T and q̇′′, completing the
feedback loop. The increase in q∗f with Γ, and the higher ηfuel values for ANS
FWs indicate that the high-molecular-weight components in ANS crude oil require
higher heat feedback to evaporate [227]. Overall, the lower EFPM from FWs is a
consequence of higher burning efficiency as compared to PFs.
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The detailed mechanisms leading to a reduction of EFPM, when a pool of
fuel is burned as a FW rather than a PF, are not immediately apparent from the
data presented here. The complex feedback mechanism between the fluid dynamics
of air entrainment and combustion in the whirling flames need to be investigated
further. More detailed experiments at small length scales will shed light on the role
of the vortex structure, turbulence and mixing characteristics, and their interplay
with chemical kinetics of soot formation and destruction. Additionally, the effects
of boilover are not fully understood in the context of emissions and is dependent on
the flame regime. For instance, considering EFCO from PFs, post-boilover emissions
are higher than pre-boilover, but this is reversed for FWs. Still, boilover has only a
minimal effect on the overall EFPM. The data presented here serves as a platform
for more detailed investigations in the future by incorporating the effects of chemical
kinetics and soot formation using a combination of non-intrusive diagnostics, scaling
methods and numerical simulations.
Another parameter of that influences burning efficiency is the flame surface
area, which determined by wf and Hf . With increasing Γ and Ro
−1, Hf increases
and wf decreases, and the overall flame area increases [92]. PFs have the lowest
flame area since Ro−1 for PFs is 0. As the ratio (Ro−1/Q̇∗) increases above 0, flame
surface area increases as FWs are formed, combustion efficiency increases, resulting
in the lowering of EFPM. Beyond a certain upper limit of Γ, however, Hf begins to
decrease. Apart from Ro−1, Hf is also controlled ṁ. For the FWs in this study,
although ṁ increases continuously with D, but Hf does not change linearly with D.
This is a consequence of Gr; as D increases from 10 to 70 cm, the values of Gr fall
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within the laminar-turbulent transition regime, which exists between D = 10 cm
and D = 100 cm [30,217]. Two effects cause this – (i) the nonlinear in increase in Gr
with D causes improved mixing, leading to Hf values being lower than expected.
This is similar to the stabilization of the flame height of jet diffusion flames at
the onset of turbulence (Fig. 5.10 in [81]); (ii) more importantly, the height of
the enclosure walls also impact Hf . The value of Hf is only slightly higher than
the wall height because Γ = 0 above the limits of the enclosure walls. When the
effect of ambient circulation is lost, the flame-lengthening process ceases, eliminating
vortex concentration, and eventually the turbulence suppression that is necessary for
flame lengthening. This enables buoyant momentum to dominate the fire, causing a
transition to turbulence, and the resulting mixing ensures that the flame height ends
immediately above the height of the enclosure walls. The higher the wall height,
the higher the maximum value of Hf can be.
ηb also depends on the the flame surface area, which in turn depends on the
height of the enclosure, which must be capable of supporting the maximum value
of Hf possible for a given combination of ṁ and D. For instance, Figures 2.3 and
3.7G were both formed at D = 30 cm using heptane. But Hf is different because of
the height of the enclosure walls and the effect of suction used in the case of Figure
2.3, enabling a strong vortex to be formed.
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4.5 Summary
An experimental investigation of airborne emissions from pool fires and fire
whirls was conducted at fuel-pool diameters of 10, 20, 30 and 70 cm. Two liquid
fuels were used, heptane and ANS crude oil. Free-buoyant pool fires were formed
in a quiescent background, and fire whirls were formed in a fixed-frame setup that
allowed natural entrainment of air towards the fire. Attributes such as burning rate,
burning efficiency, emissions of particulate matter, carbon dioxide, carbon monoxide,
and oxygen consumption were measured for the different pool diameters and flame
regimes. Results showed that for both fuels, as compared to pool fires, fire whirls
burned fuel at higher rates. When burning ANS crude oil, the mass of unburned
residue was lower for fire whirls, showing that the fuel consumption efficiency of fire
whirls was also higher.
Although the burning rate was higher for FWs, the peak emission rate of
particulate matter (soot) form FWs was lower than from PFs. The emission factor
of particulate matter emissions from fire whirls was ∼ 50% lower than that from
pool fires. This was true for both heptane and ANS crude oil, across all of the
pool diameters. For pool fires and fire whirls, the emissions behavior of the two
fuels was significantly different. The PM emission factor for ANS crude oil fires
was an order magnitude higher than that for heptane fires. The burning efficiency
also showed that a over half of the carbon in the crude oil was emitted as unburned
hydrocarbons. This is attributed to the significant differences in the composition of
the fuels and the fires they supported.
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For the fire whirls in the study, a ratio of the inverse of the Rossby number
and nondimensional heat-release rate, Ro−1/Q̇∗, was defined to compare the effects
of buoyancy and circulation on the fire. As the value of Ro−1/Q̇∗ increased, the
emission factor of particulate matter decreased linearly for ANS fire whirls. For
heptane fire whirls, the linear relationship existed for diameters between 10 and
30 cm. The emission factor increased again at 70 cm due to a phenomenon called
“over-rotation”. Generally, the flame height of a fire whirl increases with Ro−1.
But beyond an upper limit, the flame height reduces and flame width begins to
increase, a state referred to as over-rotation, which also corresponds to an increase
in particulate emissions. While over-rotation has been reported qualitatively in the
literature [61], the ratio Ro−1/Q̇∗ quantifies the phenomenon and helps explain the
increase in emissions as a consequence of the decrease in flame surface area.
Over-rotation was not observed in fire whirls formed using ANS crude oil at
the 70 cm scale. This is attributed to the phenomenon of boilover, which occurs
during burning of thin films of dense hydrocarbon fuels floating over a water surface.
Boilover caused a rapid increase in burning rate, which resulted in an increase in
heat-release rate and buoyancy. This was reflected in a significant decrease in the
ratio Ro−1/Q̇∗, corresponding to an increase in the buoyant momentum relative
to tangential momentum, ensuring that over-rotation does not occur. The high
burning rate during boilover also resulted in significant increase in the flame height
and fuel-consumption efficiency. The onset-time of boilover was lower for fire whirls,
and fire whirls also consumed a higher fraction of the initial fuel during the boilover
period. Additionally, the overall particulate emission factor was similar to that in
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the pre-boilover and post-boilover periods, showing that it may be advantageous to
induce boilover during in-situ burns.
The reduction in particulate-matter emissions from fire whirls is attributed to
the following factors. Compared to pool fires, fire whirls consume more oxygen per
unit mass of fuel, leading to a lower global equivalence ratio. They also have higher
burning efficiency, and a higher fraction of the oxygen consumed was converted to
carbon dioxide. Collectively, these result in higher temperatures in the fire whirl
structure, leading to the higher heat feedback to the fuel surface. Heat feedback
increased linearly with pool diameter and circulation, and led to higher burning
rate, which in turn resulted in higher air-entrainment velocities, which in turn leads
to higher oxygen supply to the fire whirl, completing the feedback loop.
A number of open questions regarding the emissions from fire whirls remain to
be answered before practical applications are considered. While soot-free whirling
flames such as the “blue whirl” are known in the literature [22, 64], they form at
very small length scales [24] and are highly sensitive to experimental conditions [66].
Fire whirls, on the other hand, can be formed more robustly across a large range
of length scales. While fire whirls do emit some quantities of soot, the results in
this work demonstrated that they can still offer opportunities to significantly reduce
the environmental impact of ISBs, which are currently burned as pool fires. The
range of heat-release rates and circulation for fire whirls in this study is wider than
those in the literature, although these factors were not varied independently in this
study and only natural-entrainment configurations were used. To understand the
independent effect of these parameters on emissions, systematically varying these
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quantities by controlling air entrainment could help isolate the effects. The effect of
boilover on emissions needs to be investigated further since its onset does not seem
to significantly affect the particulate matter emission factor. The metrics presented
here provide a global explanation for the reduction in particulate emissions compared
to pool fires, and future work will focus on the exact mechanisms leading to efficient
combustion.
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Chapter 5
Quantifying the Effects of Circulation and Buoyancy on the
Transition from a Fire Whirl to a Blue Whirl
As demonstrated in Chapters 3 and 4, the addition of circulation (or, a swirling
flow field) to a free-buoyant pool fire can lead to an increase in combustion efficiency,
reducing the emission of particulate matter (soot). The most ideal case is when no
soot is emitted from the flame. There exist two possibilities for the scenario to occur:
(i) soot is formed in the flame, but is completely oxidized; this is the case with a non-
sooting candle flame [131], where soot nucleates on the rich side, but is consumed
on the lean side of the flame, and the products of combustion are gaseous; (ii) soot
nucleation does not occur; this is a possibility even in nonpremixed flames, under
some specific configurations such as flame strain rate, low pressure, etc. [143, 145].
The blue whirl is a regime where soot does not nucleate, and this is attributed to
a combination of partial premixing and strain rate [64, 65]. This chapter discusses
the fluid dynamics of transition from a fire whirl to a blue whirl.
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5.1 Overview
The relative influence of circulation and buoyancy on fire whirls (FW), blue
whirls (BW), and the transition between these regimes of a whirling flame is inves-
tigated using a combination of experimental data and scaling analyses. FWs are
whirling, turbulent, cylindrical yellow (sooting) flame structures that form naturally
in fires and are here created in laboratory experiments. In contrast, a BW is a lam-
inar, blue flame (non-sooting) with an inverted conical shape. Prior measurements
of the circulation and heat-release rate are now combined with additional measure-
ments of the flame geometry, particularly the width and height, to provide char-
acteristic length scales for these flames. Using these, a nondimensional circulation
(Γ∗f ) and heat-release rate (Q̇
∗
f ) were defined and shown to correspond to azimuthal
(buoyancy driven) and axial momenta, respectively. The ratio W∗ = Γ∗f/Q̇∗f , a
quantity analogous to the swirl number used to characterize swirling jets, was eval-
uated for FWs and BWs. For FWs, W∗ < 1, so that axial momentum is greater
than azimuthal momentum and the flame is dominated by buoyant momentum. For
BWs, W∗ > 1, so that the flame is circulation dominated. This is argued to be
consistent with vortex breakdown being an important part of the transition of FWs




The interaction of reacting buoyant plumes and swirling flow fields gives rise
to structures called fire whirls. The formation and dynamics of fire whirls are im-
portant because of the devastating effects they can have in urban and wildland
fires [8,47,48]. Both the structure and the dynamic behavior of fire whirls are domi-
nated by the effects of buoyancy, which arises from heat release, and by circulation,
determined by the level of ambient swirl. In laboratory-scale experimental investiga-
tions, the combination of heat-release rate (Q̇) and circulation (Γ) can be controlled
to determine the shapes of fire whirls, which have been classified into a number of
regimes [92].
The blue whirl is a small, soot-free flame that was first observed in an exper-
imental study of fire whirls formed on a water surface [64]. The transition to the
blue whirl occurred naturally, as air was entrained through tangential inlets and
without the aid of externally forced air entrainment. The fire whirls that exist be-
fore blue-whirl formation are much larger in height than the blue whirl and exist at
the laminar-turbulent transition flame regime, evidenced by wrinkled laminar flames
at the flame base. In contrast, the blue whirl regime is characterized by a much
smaller length scale (see Figure 5.1) and is a laminar flame with no visual or aural
indications of turbulence [64]. The unexpected transition from a fire whirl to a blue
whirl involves laminarization of the flow, which suggests that the interplay between
Q̇ and Γ is different from that in fire whirls.



















































































































































in an Emmons-type [8] fire-whirl apparatus where swirl is generated by a spinning
mesh around a central flame. Their Q̇ − Γ map showed the strong influence of Γ
on the overall shape of fire whirls, especially on the flame shape at the base. This
map showed an “extinction limit jump,” a sharp increase in the threshold Q̇ below
which fire whirls were extinguished for all values of Γ. In recent work, the Q̇ − Γ
map was extended to include the blue whirl regime [24]. This extended map showed
that the combinations of Q̇ and Γ that led to blue-whirl formation was within the
extinction limit defined in [92]. The formation of blue whirls in this region also
requires experimental apparatus to satisfy surface-boundary conditions [66] that
were absent in previous work.
In the literature, scaling analyses have often been used to identify parameters
and quantities to describe the occurrence of fire whirls [5, 11, 12, 228]. The recent
extension of this analysis to blue whirls [24] showed that blue whirls exist in a
regime distinct from traditional fire whirls. The transition from the fire whirl to
the blue whirl was previously hypothesized to be the result of the onset of vortex
breakdown [23, 64], which is characterized by the presence of a recirculation zone
(RZ) [229]. Subsequently, the presence of a RZ was shown to exist in the blue
whirl [66], qualitatively confirming these suggestions. The presence of the RZ was
observed using streaks of incandescent soot within the conical region of the flame.
Since soot particles are not present in a stable blue whirl, the RZ is visible fleetingly
during the transition process.
The onset of vortex breakdown is driven by the relative magnitude of local
momenta in the axial and azimuthal directions. Different types of vortex breakdown
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Figure 5.2: Images of the blue whirl where the RZ is visualized by streaks of incan-
descent soot particles. Images (A) and (B) were captured with exposure times of
1/60 s and 1/100 s, respectively.
can occur in both nonreacting [230,231] and reacting flows [57,59]. The momenta in
these directions were compared using a scalar quantity, called the swirl number, S,











where uz and uθ are the axial and azimuthal velocities, and R is the radius of the
vortex core. For an experimental apparatus, however, the definition is simplified
and defined based on the geometry of the swirler, with different expressions for
axial and radial swirlers [59]. In swirl burners, the RZ develops at a threshold value
of S ≈ 0.6 [232].
In fire whirls, the axial and azimuthal momenta are represented by buoyancy
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and circulation, respectively. The purpose of this work is to test this hypothesis:
The flow field of the blue whirl is a state of vortex breakdown, that occurs when the
local azimuthal momentum becomes higher than the axial momentum, and this blue
whirl retains properties of the bubble mode. We approach this from the experimental
point of view by reinvestigating the scaling, which helps us quantitatively distinguish
between the fire- and blue-whirl regimes. Through this approach, the entrainment
conditions required to generate the blue whirl at other length scales are also explored.
Here, we use the raw data for Q̇ and Γ, taken from previous experiments, and
define new nondimensional quantities to quantify the role played by buoyancy and
circulation in whirling-flames. These quantities are of the same order of magni-
tude and can be used to differentiate between buoyancy- and circulation-dominated
regimes. A nondimensional ratio analogous to S is used to establish a threshold
value for the onset of vortex breakdown in whirling flames, corresponding to forma-
tion of the blue whirl. We find that when the flow field is dominated by buoyancy,
the traditional fire whirl develops, and when circulation dominates, there is a tran-
sition to the blue whirl. The scaling analysis is used to reinterpret fire whirl data in
the literature to give an explanation of why this unique transition was not discovered
in previous fire whirl experiments.
5.2.1 Background
To date, formation of a blue whirl has always been preceded by a fire whirl. In
addition, a blue whirl can be formed from a variety of different liquid hydrocarbon
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fuels. Experimental measurements show that it has peak temperatures of about
2000 K [22, 31, 72] and can also be formed on other types of smooth surfaces such
as metals [66]. There is intense combustion in the bright blue ring, as evidenced by
high concentrations of OH, OH* and CH* radicals in this region [31,66].
Recent experiments [24] allow us to extend previous scaling analyses to include
the blue whirl, providing useful context to the material in the current article. In [24],
the experimental setup was a fixed-frame fire-whirl apparatus formed by two semi-
cylindrical quartz segments. The semi-cylinders form an enclosure within which
combustion occurs, and the offset distance between the pieces creates a gap that
allows air entrainment into the enclosure. Various combinations of fuel flow rate
(V̇ ) and gap size (S) were used to generate fire whirls and blue whirls. The flow
velocity into the enclosure was measured at selected axial (vertical) locations using
a DANTEC 54T42 Mini CTA anemometer attached to a DANTEC 55P16 hot-wire
probe, which was positioned at the center of one gap. These velocity measurements
were used to find an approximate circulation for each flame regime according to
Γ = πUθDC , where Uθ is the tangential velocity measured at the inlet, and DC
is the diameter of the enclosure. Assuming complete combustion of the supplied
fuel, the heat-release rate was calculated as Q̇ = V̇ ∆hc ρf , where ∆hc is the lower
heating value (LHV) and ρf is the density of liquid n-heptane.
The combination of S and V̇ influences the shape of the flame, and three
flame regimes were identified: the blue whirl (BW), the stable fire whirl (FW), and
the transitional blue whirl (TBW). Images of the different regimes for S = 35 mm
are shown in Figure 5.1, and the full data set from [24] is summarized graphically
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in Figure 5.3. For high values of V̇ , unsteady FWs were formed with very large
diameters, termed as Large Fire Whirls (LFWs). These impeded safe operation
of the hot-wire anemometer and were thus avoided in experiments. These raw
data were used in a scaling analysis to determine nondimensional quantities for
global scaling using the apparatus diameter (DC) as the characteristic length scale.
Although the apparatus diameter or gap size are not intrinsic properties of the FW
itself, they have been used in the literature [11, 12] for scaling purposes since they
influence ambient circulation in FW apparatus with natural air entrainment.
This analysis showed that the BW was close to the extinction limit defined
previously [92]. The BW formation limits, defined on the basis of Q̇ and Γ, as well as
the relationship between nondimensional heat-release rate (Q̇∗D) and nondimensional
circulation (Γ∗D), were both sensitive to the gap size between the half-cylinders. The
extinction limit for FW regimes was extended by the presence of the BW, and this
was attributed to the experimental conditions at the bottom surface over which they
formed [66].
Using fixed length scales (such as apparatus or burner diameter) in scaling
analyses [92, 97] results in quantities that denote general large-scale effects. For
instance, the predictions of flame height of FWs for known values of Γ and Q̇. The
use of characteristic length scales derived from flame geometry represent effects of
the local flow field. In the present work, the raw data for Γ and Q̇ is combined with
new data on flame geometry. To understand the local effects and the controlling
factors in the transition to the BW, flame height, H, and flame width, wf , are used
as characteristic length scales to normalize Γ and Q̇.
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Figure 5.3: Influence of S and V̇ on the fire whirl regime, adapted from [24].
The approach presented in this article was taken to help quantify the effects
of the primary competing forces in whirling flames, buoyancy and circulation. By
incorporating H and wf into Γ and Q̇, local buoyancy and circulation in the flame
are represented by their respective nondimensional quantities, Q̇∗f and Γ
∗
f . Their
ratio then present a basis for distinguishing buoyancy- and circulation-dominated
regimes in whirling flames.
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5.3 Experimental Methods
The experimental apparatus (Figure 5.4), similar to that used in previous
work [22,24,64,66], consisted of two quartz half-cylinders (310 mm diameter, 600 mm
height) suspended on an aluminum frame. The two quartz pieces were positioned
over a water pan and offset from each other, forming gaps for natural entrainment
of air. Liquid fuel, here n-heptane, was supplied to the water surface using a syringe
pump at a constant volumetric flow rate. Upon ignition of the fuel, the buoyant
flow due to heat release within the enclosure draws air into the enclosure through
the two gaps. For all experiments, a short “overlap” region was constructed from
thin sheets of aluminum to form a channel at each inlet (see Figure 5.4). The effect
of this inlet channel is discussed in section 5.4. All data were obtained with these
overlapping inlet channels.
A typical experiment involved the injection of 10 ml of fuel onto the water
surface, followed by ignition using a propane torch. Initially, a pool fire was formed
and lasted for a few seconds before evolving to a FW. Upon transition to a fire
whirl, fuel was supplied at a constant rate using the syringe pump. After about 60
s, the rate of fuel supply (from the syringe pump) and consumption (by the FW)
were nearly equal, and a stable FW or BW formed, depending on the gap size and
fuel supply rate. For a given gap size, S, the regime of the FW depended on the fuel
supply rate, V̇ , which was varied in the range of [0.5, 10.0] ml/min. S was varied in
the range [15.0, 55.0] mm. Due to the natural-entrainment configuration, the only
regimes that formed resulted from a balance between these parameters.
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Figure 5.4: Schematic of experimental apparatus.
Measurements were made of flame geometry for each regime. Videos (1280 x
720 pixel resolution) of each experiment were recorded at 60 fps for 60 s using a
Sony RX10II, with an aperture of f/5.6. The flame width (wf ) and flame height
(H) were obtained by averaging the flame contour on multiple frames. From each
60 s video, three separate periods of 0–12 s, 24–36 s and 48–60 s were chosen, and
720 individual frames were extracted from each period. The resulting 2160 RGB
images for each experimental condition were converted into grayscale images, which
were then converted to a binary format in ImageJ [233] using Otsu’s method [234]
to determine a binarization threshold. This method was reliable since exposure in
the videos was set such that there was a dark background in contrast to the bright
flame, resulting in maximum intensity separation at the edge of the flame sheet. The
mean binary value for each pixel was obtained by stacking all 720 binary images for
each time period. Dividing the mean binary value by 256 (the range of intensity
values in gray scale), the probability of the flame appearance for each pixel was
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determined, giving the probability contours of the flame. The mean flame contour
was defined by a probability of 0.5 based on previous literature [235].
Based on this mean contour, the flame width measured at the widest cross-
section, was found ∼10 mm above the water surface for FWs, and the width of the
bright blue ring (also called vortex rim in [22]) was used as the flame width for both
the BW and TBW. The flame height was measured at the highest position of the
continuous flame region above the water surface. For each time period, one set of
wf and H was obtained, and an overall average was obtained by calculating a mean
from the values for the three time periods recorded and binarized.
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5.4 Flame Geometry
Figures 5.5 and 5.6 shows the variation of the flame geometry parameters, wf
and H with both Γ and Q̇. The narrow error bars for the FW and BW regimes
reflects the relative stability of their flame geometry during the 60 s period analyzed
(Figures 5.5A and 5.6A). TBWs, on the other hand, show significant changes in
flame geometry parameters due to their repeated transitions between the FW and
BW regimes. The FW shows the highest values of wf , which is not a strong function
of Γ or Q̇. The dashed line in Figure 5.5B shows a slight decrease from the BW to
the TBW, followed by an increase for FWs.
The value of H, however, varies with both Γ and Q̇. The increase in H with
Γ is shown in Figure 5.6A. The curve is approximated by the fit in Equation 5.1,
which has a R2 value of 0.55. The fit in Equation 5.1 does not include data points for
S = 15 mm in Figure 5.6A. The data points for S = 15 mm (solid square markers)
follow a trend different from the other conditions. This bifurcation behavior was
discussed in previous work [24]. The relationship between H and Q̇, shown in Figure
5.6B, is given by Equation 5.2, which has a R2 (coefficient of determination) value
of 0.96.
H = 52.03 Γ3.89 (5.1)
H = 2.91 Q̇1.19 (5.2)
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Figure 5.5: Variation of wf (or bw) with Γ and Q̇. Only a very minimal increase in
wf is seen with Q̇.
Figure 5.6: Variation of H with Γ and Q̇. The hashed section in panels B and D
indicates the limited variation in H for the BW. In panel B, flame regimes at S = 15
mm are not considered for the curve-fit shown and follow a different trend. This
difference at low S∗ is discussed in [24].
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Figure 5.7: Variation of H with Q̇, shown for cases without (A) and with (B) the
added inlet channels for the BW. The vertical dashed lines, green (left) and magenta
(right), indicate limits of extinction and transition, respectively.
The effect of the inlet channels (see Figure 5.4) on the fluctuation in H for BWs
is shown in Figure 5.7. The BW is particularly sensitive to ambient perturbations,
which cause H to fluctuate significantly when the inlet channel is not present. This
results in the large variations in H, seen in Figure 5.7A, particularly near the ex-
tinction and transition limits. When the inlet channel was present, the variation in
H for BWs decreased even in conditions close to the extinction and transition limits
(Figure 5.7B). Furthermore, the BW formation limits were also extended when the
inlet channels are present. The differences between panels (A) and (B) in Figure 5.7
reflect the role of the inlet channels in stabilizing the BW. The experimental data
obtained with the inlet channel was used below in the scaling analysis since they
correspond to more stable experimental conditions.
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5.5 Dimensional Analysis
Based on a review of previous scaling methods used for FWs [5], the parameters
governing circulation (Γ) of a FW in a fixed-frame type apparatus are
Γ = f1
(
Q̇, S, wf , H,DC , T0, ρ0,∆T,∆ρ, Cp,0, g
)
(5.3)
where Γ, Q̇, S, wf , H and DC are as defined previously. The quantities T0, ρ0,
∆T , ∆ρ0, Cp,0 and g are ambient temperature, ambient density, specific heat of air
at T0, and gravitational acceleration. Equation 5.3 assumes that (i) circulation is
independent of axial location of the FW, (ii) viscosity is negligible relative to inertial
and buoyant forces, (iii) heat conduction and mass diffusion terms are negligible,
and (iv) combustion is infinitely fast and steady.
As shown in Figure 5.1, the geometry of the flame may be used to distinguish
among the different flame regimes. Specifically, H strongly depends on Γ and Q̇
(Figure 5.6). Using H and wf as characteristic length scales, DC , T0, ρ0 and g were
chosen as the basic physical parameters to apply the Buckingham–Π theorem [236]
































gH) is the dimensionless heat-release rate, representing the
ratio of the actual heat-release to a reference combustion enthalpy (V̇ /(w2f
√
gH)),
where the subscript ‘f ’ denotes normalization by a flame dimension. In the quantity




gH) denotes the volumetric distribution of the
heat-release rate for a non-swirling diffusion flame of width wf and height H. Thus,
Q̇∗f reflects an enhancement in combustion intensity due to the presence of swirl,
and also represents the buoyancy due to heat release. This is discussed further in
section 5.6.
The ratio S∗ = S/DC is the dimensionless gap size, a geometric feature of
the setup. The quantity (wf/DC) is nearly constant for a given regime (see Figure
5.5). The quantities (∆T/T0) and (∆ρ/ρ0) can be assumed to be nearly constant for
most fires [9], and (g wf/Cp,0 ∆T ) indicates the ratio of potential energy to thermal
energy, which is small enough to be neglected here. Hence, Equation 5.4 reduces to
(
Γ∗f , H







where H∗=H/wf . The different experimental data and nondimensional quantities
for each flame regime are shown in Table 5.1.
According to Equation 5.6, H∗ depends on Γ∗f , Q̇
∗
f and S
∗. Figure 5.8A shows
144
Table 5.1: Experimental data and nondimensional quantities for the BW, TBW,
FW and LFW regimes.
S Flame DC S









0.685 0.436 2.314 2.56 4.1 1.21
BW 0.726 0.599 1.81 1.83 5.15 3.22
TBW 0.847 1.634 1.934 11.74 2.37 3.04
FW 0.918 2.451 2.532 20.69 1.94 2.73




0.479 0.327 2.345 2.056 3.11 0.99
BW 0.521 0.436 2.037 2.329 3.18 1.64
TBW 0.631 1.003 1.786 10.574 1.81 2.3
TBW 0.686 1.091 2.035 11.554 1.88 1.85
FW 0.741 1.178 3.174 32.495 1.21 0.67




0.503 0.436 1.625 1.951 3.26 2.81
FW 0.635 1.634 2.024 16.197 1.43 3.22
FW 0.715 2.451 2.846 30.198 1.18 1.79
FW 0.731 3.268 3.126 34.813 1.12 1.84




0.433 0.327 2.609 2.28 2.52 0.76
BW 0.581 0.599 2.762 2.635 3.15 1.15
TBW 0.669 1.089 1.382 13.43 1.61 3.71
FW 0.743 1.634 1.899 19.9 1.46 3.3
FW 0.79 2.451 2.391 24.265 1.41 2.83




0.593 0.599 1.611 1.413 4.27 4.62
BW 0.636 0.708 2.596 2.208 3.67 1.68
TBW 0.623 1.089 1.586 15.172 1.37 2.65
FW 0.69 1.634 1.892 17.692 1.41 3.52
FW 0.758 2.451 2.627 30.561 1.17 2.09
30 [7] LFW 1.8 0.111
2.62 25 5.6 117 0.43 2.39
3.22 50 7.6 201 0.4 1.98
4.12 100 9.4 316 0.41 2.07
4.9 150 10.4 419 0.42 2.2
5.87 200 11.1 500 0.47 2.36
6.27 250 12 543 0.48 2.42
6.6 300 12.7 553 0.5 2.57
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that Q̇∗f has minimal influence on H
∗, in that H∗ varies only when the flame regime
changes. Also, for each flame regime, the influence of Q̇∗f is limited, particularly for
the BW regime. For a given flame regime, H∗ does not show any trend with S∗.
The quantity H∗, however, does depend on Γ∗f , as shown in Figure 5.8B. Figure
5.8A shows that there is a difference of an order magnitude in H∗ between the BW
and FW regimes. The solid line in Figure 5.8B shows the power-law relationship




When compared to FWs, BWs form in a region of relatively high Γ∗f and low H
∗
(Figure 5.8B). BW formation occurs for Γ∗f ∈ [2.4, 5.2], while FWs generally form
in a much narrower region where Γ∗f ∈ [1.0, 1.4]. The FWs for S∗ = 0.045 deviate
slightly from this trend and occur closer to Γ∗f ≈ 2. Below Γ∗f = 2.4, which is the
BW transition limit in Figure 5.8B, H∗ begins to increase rapidly. Generally, these
results show that the dimensionless circulation, Γ∗f , has a significant impact on H
∗,
and appears in this analysis as an important parameter to understand the transition
between the FW and BW flame regimes.
The LFW limit is near Γ∗f = 1. The LFW was unsteady and its diameter
was comparable to that of the enclosure, which did not permit any measurements.
Consequently, below we use data for LFWs from the literature to calculate the
required nondimensional quantities. In the following section, we will focus on the
relationship between Γ∗f and Q̇
∗
f , both of which are O(1).
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Figure 5.8: (Top) Variation of H∗ with Q̇∗f . The range of H
∗ for the BW and
FW do not overlap, showing that it varies only when the regime changes. The
colored stripes denote the range of H∗ for each regime. S∗ does not influence H∗,
particularly in the BW regime. (Bottom) Variation of Γ∗f with H
∗, with the different
transition limits shown as dotted lines.
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5.6 Discussion
The three nondimensional quantities, Γ∗f , Q̇
∗
f and H
∗ have different relation-
ships for the FW and BW regimes and may be used to provide insight on the local
effects governing the transition from FWs to BWs. Going from the BW to the FW,
while wf is relatively constant with V̇ , H increases continuously. Thus, H and H
∗
distinguish these regimes. The near-linear increase in H with V̇ is similar in behav-
ior to laminar jet diffusion flames [81]. Within the BW regime, however, H varies
little with V̇ . Figures 5.5B and 5.6B show that the BW forms in a region of low
Q̇. Since entrainment velocity is directly proportional to Q̇ (see Fig.5 in [24]), this
leads to low Γ for BWs. Q̇∗f , however, lies in the same range for both FWs and BWs
(Figure 5.8A).
Figure 5.6A indicates that the BW forms in a region where Γ∗f is relatively high.
As Γ∗f decreases, there is a steep increase in H
∗, leading to the FW. With further
decrease in Γ∗f , the effect of circulation on the buoyant plume reduces. LFWs are
formed when Γ∗f ∈ (0, 1) and flame height varies roughly linearly with circulation
[12, 92]. Eventually, when Γ∗f = 0, a free-convection pool-fire is formed [80, 102].
Here, H∗ depends on other factors such as Q̇ and the pool diameter [105,237].
Plotting Q̇∗f vs. Γ
∗
f allows for the different regimes to be more clearly distin-
guished, presented in Figure 5.9. Since measurements of the LFW (at Γ∗f < 1) are
not available from this work, data of LFWs from the literature are used for com-
parison. Fire whirls similar to the LFW were investigated by Lei et al. [7] using a
propane burner in a square fixed-frame setup. The LFWs in their experiments form
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Figure 5.9: Γ∗f as a function of Q̇
∗
f for the different regimes in this study. The blue
markers correspond to BWs, magenta to TBWs, yellow to FWs, and black to LFWs.
The dotted blue line represents Γ∗f = Q̇
∗
f , roughly the region where the FW→BW
occurs. Quantities for LFWs were calculated from raw data in Table 1 of [7], whose
experiments used a propane burner within a square cross-section setup, with natural
air entrainment at S∗ = 0.111 (calculated based on the definition in this study) and
Q̇ ∈ [25, 300] kW. Extinction occurs in the region where Γ∗f > 4Q̇∗f , and FW→LFW
transition occurs when Q̇∗f > 3Γ
∗
f , represented by the red line.
in a narrow range of Γ∗f , lower than the FWs in this study, and are also included for
comparison in Figures 5.9 and 5.10.
The quantities Q̇∗f and Γ
∗
f are of the same order and represent buoyancy and
circulation, respectively. The dashed line in Figure 5.9 represents Γ∗f = Q̇
∗
f , where
the influence of circulation and buoyancy is roughly balanced. For the flame regimes
above this line, circulation dominates (i.e., Γ∗f > Q̇
∗
f ), and for those below, buoyancy
dominates (i.e., Γ∗f < Q̇
∗




f line, and FWs
in the region below. Data points for LFWs are well within the buoyancy-dominated
region. Figure 5.10A and Table 5.2 show that for naturally-entrained FWs, with
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increasing scale, buoyancy tends to dominate circulation (see markers for LFW).
This is a consequence of larger Q̇, which for liquid-fueled FWs is partially controlled
by the fuel pool diameter.
Of the five data points available for the TBW regime, three lie between the FW
and BW regimes. This transition regime is expected to occur in the neighborhood
of Γ∗f = Q̇
∗
f , although Figure 5.9 shows two instances deviating more towards the
FW side (these deviations are observed for one instance of the BW at S∗ = 0.147
and two FWs at S∗ = 0.073). This spread in TBW data is expected from the large
fluctuations in H in this regime (see Figures 5.5 and 5.6). Additionally, only five
data points exist for the TBW regime in our work, and the trend may become more
apparent when there is more data available.
The quantity (Γ∗f )
2 is the Froude number, Fr. While Fr represents the com-
petition between buoyant and external momentum, it does not fully represent the
effect of circulation on H. Chuah et al. [9] pointed out that the value of Ro (Rossby
number) in relation to Fr was important for quantifying the effect of circulation on
burning rate in whirling flames. This is especially applicable to configurations with
natural air entrainment where Γ and Q̇ are not independent.
While Γ∗f varies significantly for the BW and FW regimes, it does not help
in comparing the local relationship between axial and buoyant momenta. Thus for
whirling flames, it is more useful to represent the competition between circulation
(tangential component) and buoyancy (axial component) in the form of the ratio,
W∗ = (Γ∗f/Q̇∗f ), the whirl number. The value of the whirl number for the different
regimes is shown in Table 5.2. Figure 5.10(B) shows the relationship between H∗
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with (W∗) for all the regimes. The relationship is approximated by a least-squares
fit as H∗ = 4.14/(W∗)1.32. This graph shows that transition to the BW occurs in
the neighborhood of W∗ = 1, when circulation begins to dominate buoyancy. In
other reacting or nonreacting swirl flows, this condition leads to the formation of
a recirculation zone (RZ), and to vortex breakdown [57, 232]. In swirl burners, the
threshold value for RZ formation is S = 0.6 [59].
Earlier work showed the presence of a RZ within the BW and suggested that
the shape of the BW regime may be governed by the bubble mode of vortex break-
down [22,181]. While the RZ is visible during the transition process, it is not visible
in a stable BW due to the absence of soot tracers [66]. Assuming that the develop-
ment of a RZ is necessary for BW formation [23],W∗ is analogous to S in predicting
the onset of vortex breakdown in whirling flames, and may therefore represent an
appropriate nondimensional scale to distinguish whirling flames. Table 5.2 shows
that the threshold value of W∗ leading to vortex breakdown and BW formation is
≈ 1.
The large difference in the values ofW∗ for FWs and BWs provides hints as to
why the BW regime was not observed in previous FW experiments. In addition to
the smooth bottom boundary without obstructions to the incoming radial flow [66], a
circulation-dominated regime (Γ∗f > Q̇
∗
f ) is required for transition to the BW. FWs
subject to strong vorticity have been studied previously [9, 10] and it was found
that elongation in FW flame length, when compared to a pool fire, cannot be fully
attributed to increasing burning rates. This suggests that that the vortex structure,
within which fuel fractions are high, plays a significant role in the increased flame
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Table 5.2: Values of W∗ = (Γ∗f / Q̇∗f ) for the BW, TBW, FW and LFW regimes.
S∗
W∗ = Γ∗f/Q̇∗f
BW TBW FW LFW
0.045 3.39 0.78 0.71
(S = 15 mm) 1.6 0.81
0.073 3.15 0.78 1.82
(S = 25 mm) 1.94 1.02 1.78
0.099 1.16 0.44
(S = 35 mm) 0.66
0.61
0.55
0.124 3.33 0.43 0.44
(S = 45 mm) 2.73 0.5
0.48
0.147 0.92 0.52 0.4
(S = 55 mm) 2.18 0.56
0.111 0.18







Figure 5.10: Comparison of experimental data in this work with those for LFWs in
the literature [7]. (Top) The LFW regime occurs when Γ∗f ∈ (0, 1). The value of H∗
for LFWs in the literature are many times that of the FWs in this study, and an
order magnitude higher than the BWs. (Bottom) The FW-to-BW transition occurs
around W∗ ≈ 1, in the circulation-dominated regime.
height.
In the case of transition from FWs to BWs, increasing Γ∗f results in suppression
of H∗, eventually leading to BW formation (Figures 5.8B and 5.10). The BW does
not show much variation in H∗ (see Figure 5.8A), which may be attributed to
the existence of a RZ upon vortex breakdown. The RZ potentially aids in better
mixing, leading to a smaller volume required for the reaction to occur and causing
suppression of H∗. This is similar to the reduction in flame height of laminar jet
diffusion flames upon transition to turbulence [81].
Coenen et al. [23] noted that for a given fuel pool diameter, BW formation
required evaporation of fuel from a fraction of the total pool area such that Q̇ and H
decrease simultaneously. The contraction in evaporation area is a consequence of in-
tensification in vorticity as the width of the FW vortex core reduces. This behavior
153
agrees with the data from the present work, where decreasing H∗ and Q̇∗f is enabled
by increasing Γ∗f . Since circulation is conserved radially [8], a reduced vortex core
diameter allows tangential momentum to overcome axial momentum locally, result-
ing in the conditions required for a vortex breakdown bubble to form and results
in the BW. The limits presented in this work are determined from experiments on
regimes formed by natural air entrainment. Controlling the transition process or
further expanding the envelope of BW formation conditions, if possible by means of
external forced entrainment, will require independent control of Q̇, Γ and the fuel
pool area to ensure Γ∗f > Q̇
∗
f .
For all of the flame regimes, the influence of Γ and Q̇ is weak on wf but strong
on H. The flame dimensions are determined by the axial flux of fuel vapor, which is
determined by V̇ , and thus the diameter of the fuel pool over the water surface. For
a given flame regime, the fuel mass flux upon evaporation is nearly constant, and the
increase in specific volume upon combustion of the fuel vapors shows a near-linear
growth in H rather than wf . This is similar to the behavior of jet diffusion flames,
for which the flame height in the laminar regime depends on the volumetric flow
rate of fuel from the fuel port, before a transition to turbulence reduces the flame
height (see Fig. 5.10 in [81]).
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5.7 Summary
The transition from fire whirls to blue whirls was studied by a scaling approach.
Using raw data from previous work and new measurements of flame geometry, an
investigation of the scaling parameters now allows us to understand the relative
influences of circulation and buoyancy in determining the different fire whirl regimes.
In addition to data from previous work, new measurements of the flame geometry
(height, H, and width, wf ) were obtained from videos.
The flame width did not vary significantly with circulation (Γ) or heat-release
rate (Q̇) for the different flame regimes. The relationship between H and Γ was
exponential, and between H and Q̇ was nearly linear. Using H and wf as the
characteristic length scales, two primary nondimensional quantities were defined:
dimensionless heat-release rate, Q̇∗f , and dimensionless circulation, Γ
∗
f . These quan-
tities were of the same order of magnitude, and represent the role of buoyancy and
circulation in each regime.
The ratio of these quantities, W∗ = (Γ∗f/Q̇∗f ), the whirl number, represents
the relative influences of circulation and buoyancy on the flame. This is analogous to
the swirl number for swirling jets, where the relative magnitudes of axial Reynolds
number and azimuthal swirl determine the flame regime. The influence of this ratio




< 1, buoyancy dominated; FW
≈ 1, transitional; TBW
> 1, circulation dominated; BW

A value of W∗ < 1 represents a flow field dominated by buoyancy, and most
fire whirls belong to this regime, with values in the range [0.4, 0.8]. Two instances
of fire whirls (referred to as “conical fire whirls” in [92]) showed an average value
of 1.8. The value of this ratio was calculated to be ∼0.2 for large fire whirls in the
literature, placing them well within the buoyancy-dominated regime.
For the blue whirls in this study, W∗ ∈ [0.9, 3.4], and generally W∗ > 1. This
indicates a flow regime where circulation dominates over the buoyancy locally. The
transitional blue whirl is defined as a regime that continuously switches between the
blue and fire whirl, and may theoretically be expected to occur when the ratio is
in the neighborhood of 1, where the effects of buoyancy and circulation are roughly
equal. The number of data points for transitional blue whirls was limited and
calculated to be in the range of [0.43, 1]. This range extends more towards the
buoyancy-dominated side, and is attributed to the large fluctuations in H, caused
by repeated alternation between the fire whirl and blue whirl regimes.
The transition from the fire whirl to the blue whirl occurs at a threshold value
of W∗ = 1, roughly where circulation begins to dominate buoyancy. This favors the
formation of a recirculation zone, leading to the onset of vortex breakdown. This is
one reason why the blue whirl was not discovered in previous apparatus. Previous
fire whirl apparatus generated only buoyancy-dominated regimes by design, and did
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Figure 5.11: Proposed map of some whirling flames regimes as functions of nondi-
mensional circulation and heat-release rate, as defined in this chapter.
not provide the strong radial inflow at the bottom boundary surface [66]. The right
combination of low Q̇ and natural entrainment at the right length scale provided
the optimal conditions for its discovery in the experiments performed by Xiao et
al. [64]. With the results presented here, future experiments of the blue whirl can
be designed with forced entrainment apparatus to control Q̇ and Γ independently
at different length scales to directly hone in on the BW regime.
This work provides a quantitative basis to explain the factors controlling the
transition from the fire whirl to the blue whirl and lays the foundation for future
experimental and numerical efforts on fire whirls and blue whirls. Open questions
still remain regarding the flow structure within the recirculation zone and the mixing
conditions that stabilize the flame at the bright blue ring. Future measurements
using non-intrusive laser diagnostics of the flow-field in the vicinity of the flame
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and the distribution of radical species will be helpful in further understanding these
better. Finally, the nondimensional quantities presented here may be used to obtain
a complete map of all whirling flame regimes as shown in Figure 5.11.
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Chapter 6
Understanding the Blue Whirl using Optical Diagnostics
6.1 Overview
The blue whirl (BW) regime of whirling flames shows suppressed soot for-
mation. Observed as a regime that develops from a traditional fire whirl (FW), it
stabilizes over a pool of liquid fuel, it is a near-limit flame that occurs at low heat-
release rates. Initial studies focused on the general experimental conditions leading
to BW formation, the thermal structure, and the range of circulation and heat-
release rates leading to BW formation. The results in Chapter 5 showed that the
transition from the FW to the BW was dependent on the magnitudes of tangential
and axial momentum; a circulation-dominated regime explained the occurrence of a
recirculation zone necessary for stabilizing the blue-whirl regime. It is also under-
stood that the reaction front is a ring-like structure, observed as a bright, blue ring,
which is lifted from the fuel surface and shows poloidal motion in the same sense
of the ambient swirl. Open questions regarding the flame structure and mixing still
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remain, and a partially-premixed triple flame has been proposed [23,64].
In this chapter, these open questions are approached by studying the flame us-
ing non-intrusive optical diagnostics. BWs were formed with iso-octane and probed
using planar laser-induced fluoresecence (PLIF) and chemiluminescence. First, the
distribution of OH and PAH radicals was obtained using PLIF, which showed that
the highest concentration of ground-state OH existed in a conical structure above
the ring. The highest concentration of OH was at the ring, and diminished continu-
ously in the axial direction. Negligible presence of OH was found towards the conical
region below the ring. PAH was observed surrounding the lower conical region, with
maximum intensity immediately upstream of the blue ring.
Next, chemiluminescence images of spontaneous emission from OH* and CH*
in the BW were captured at 1 kHz. The intensity ratio of OH*/CH* around the
blue ring was computed using Abel inversion. A radial map of the intensity ratio
shows possibility for the existence of a triple flame anchored at the blue ring. The
results presented here are largely qualitative, since an exact relationship between
intensity ratio and equivalence could not be obtained. Such a calibration is necessary
to identify distinct rich and lean fronts, quantify the mixture fraction around the
ring and determine the exact location of the stoichiometric region. A method to
determine this relationship is presented using OH* and CH* images of adiabatic
methane-air flames stabilized over a 3.81× cm2 Hencken burner.
These results indicate that there is potential for the blue ring to be a triple
flames, no reaction occurs within the recirculation zone, and that mixing occurs
primarily near the blue ring. Future investigations using simultaneous imaging
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The BW is a regime of the fire whirl, first observed by Xiao et al. [64] while
studying the behavior of FWs formed in a fixed-frame setup that allowed natural
entrainment of air into the enclosure. The laminar flame structure forms directly
over a liquid fuel pool and transitions from the fire whirl when specific conditions
of buoyancy and vorticity exist (Chapter 5 and [238]). The conical shape of the
flame has been attributed to the bubble mode of vortex breakdown in reacting flow
[64], supported by visual observations of a recirculation zone within the flame [66].
Current understanding of the BW includes the experimental conditions required for
its formation [66], temperature maps across a radial cross-section of the flame [22],
and the combination of nondimensional heat-release rate and circulation that are
required for the transition to occur [24]. Open questions remain regarding the exact
nature of combustion and the importance of the blue ring region of the flame.
The nature of combustion in the BW is of interest because of negligible emis-
sions of particulate matter (soot) from the flame. Mechanisms of flame stabilization
using swirling flow fields have been studied for many decades because of their impor-
tance in jet engines and industrial combustors, particularly for stabilization when
operating lean [57,59]. These flames typically operate in a turbulent regime, where
reduction in emissions is caused by enhanced mixing between light gaseous fuels and
air that are injected as jets into the combustor [60,84]. In FWs, however, the effect
of circulation is to suppresses turbulence [8,61,95], which causes the flame height to
increase with the level of ambient circulation [8,10,11,92]. In this context, the BW
162
emits negligible soot even while burning directly above a pool of liquid fuels that
traditionally form considerable amounts of soot. It is of interest, therefore, to study
the flame structure that leads to negligible soot emissions, and the mechanisms that
permit optimal mixing between air and fuel evaporating from a liquid-fuel pool.
For FWs formed over a liquid-fuel pool, the flame diameter above the fuel
surface depends on the flow conditions immediately surrounding the fuel pool [66].
If any vertical projections are in the immediate vicinity of the fuel pool, the flame is
stabilized at the edge of the fuel pool and the FW diameter at the base is the same as
the pool diameter. If the radial boundary layer is uninterrupted and the circulation
is sufficiently high, FW diameter can be smaller than the fuel-pool diameter [47].
In the case of the BW, it is stabilized at the blue ring.
In the transition from a FW to a BW, the blue ring lifts off the fuel surface.
This is suggested to be caused by a combination of finite-rate chemistry and the
large axial momentum at the base of the flame generated by the radial collision
in the Ekman layer [23, 86]. The shape of the bottom blue conical region and
the upper purple haze are likely a consequence of the recirculation zone setup by
vortex breakdown, with the strain rates at the stagnation zone being low enough
to support a weak, inverted conical flame. Based on temperature maps and OH*
chemiluminescence, it is clear that a large fraction of the heat release occurs at the
ring [22,66]. It has also been suggested that the ring is a rotating triple flame, with
the the lower blue cone forming the rich front, the purple haze the lean front, and
the ring being stoichiometric [23,65].
163
6.2.1 Scope
While the techniques used in previous studies provide global measurements of
the flame, measurements of chemical species require non-intrusive diagnostics since
the blue whirl is very sensitive to the flow perturbations caused by probes positioned
in the vicinity of the flame [22]. In this chapter, non-intrusive optical diagnostics
are used to image the distribution of important combustion species. Using PLIF
measurements of OH and PAH, rich and lean regions around the reaction front are
identified; chemiluminescence imaging of spontaneous emission from OH* and CH*
radicals presents a qualitative picture of the triple-flame structure of the ring. A
framework for quantitatively determining equivalence ratio around the ring using
the emission intensity of OH* and CH* radicals is also presented. These results
agree with previous measurements in the literature as well as recent postulations
about the partially-premixed nature of the flame.
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6.3 Experimental Methods
First, OH-PLIF was used to visualize ground-state OH radical distribution
in a radial cross-section of the flame. In this technique, single-photon radiation
at 282.750 nm was used to excite OH radical in the Q1(5) rotational line of the
OH A2Σ+ −X2Π(1,0) band, followed by fluorescence emission detection in the OH
A2Σ+ − X2Π(0,0)+(1,1) bands. The nature of the reaction zone is compared for
regular conical FWs and BWs using OH-PLIF. To locate the mixing region with
respect to the reaction zone, PAH-PLIF was also performed to identify polycyclic
aromatic hydrocarbons (PAH). Since iso-octane does not fluoresce, the addition of
a dopant such as toluene in small quantities is necessary to visualize fuel [239].
OH* and CH* radicals can be used to locate the reaction front, sometimes even
in the visible range [240]. Excited radicals such as OH*, CH*, C2*, CO2* contribute
the most to visible and UV radiation in hydrocarbon-air flames [187, 189]. The
concentration of these radicals and the corresponding intensity of spectral emission
are a function of pressure [190], local equivalence ratio, strain rate [191], nature
of the fuel [32, 192] etc. Local flame properties such as equivalence ratio or heat-
release rate in non-sooting flames may be calculated by evaluating the ratio of
the relative intensities of spontaneous chemiluminescence signals from the different
radicals [32, 187, 190, 192–194]. In this work, the intensity ratio of OH* and CH*
were chosen to determine the equivalence ratio in the region around the blue ring.
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6.3.1 Apparatus
BWs were formed using iso-octane fuel in a fixed frame, self-entraining fire
whirl apparatus, similar to that used in previous work [22, 24, 64, 66]. In place of
a water layer, a flat steel surface (45×45 cm2) was used as the bottom boundary
surface over which FWs and BWs were formed. It was shown by Hariharan et al. [66]
that the presence of a water surface was not critical to cause transition from the
FW to the BW. The metallic surface was part of a hollow steel cuboid (45×45×2.5
cm3), which allowed cooling water to be passed below the surface and maintain a
constant temperature over the surface. A constant temperature reservoir was setup
using a recirculating water chiller (Fisher Scientific Recirculating Heater Isotemp
4100 H7) set to operate at a constant temperature of 36 ◦C. Two half cylinders (30
cm diameter, 60 cm height) were positioned over the surface and offset such that
the gap width was 25 mm. Fuel was supplied at 0.65 ml/min to the center of the
metal surface through a threaded stainless-steel tube (3 mm inner diameter) using
a syringe pump (NE-300 JustInfusionTM Syringe Pump). The water reservoir and
the quartz half-cylinders were positioned over an optical table, and a schematic of
the setup is shown in Figure 6.1A.
The setup for optical diagnostics is shown in Figure 6.1B. For PLIF, the laser
system consisted of a 10 Hz nanosecond duration Nd:YAG laser (Continuum Power-
lite 8000) operating at 532 nm, and used to pump a dye laser (Continuum ND6000)
with circulating Rhodamine-590 dye diluted in pure methanol. The output beam
of the dye laser was frequency doubled in a beta-barium borate (BBO) crystal to
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Figure 6.1: (A) Schematic of a fixed-frame fire whirl apparatus formed using two
half-cylinders. These were positioned slightly offset to create gaps to allow natural
entrainment of air into the enclosure. (B) Schematic of the imaging setups for chemi-
luminescence intensity and PLIF measurements. These techniques were performed
separately for each species of interest. Figure adapted from [31].
generate a UV beam at 282.750 nm with an energy of 4 mJ/pulse. The UV beam
was then guided to the blue whirl flame region using several 45◦ dielectric mirrors
(LEO TWB-275-285-45-UF-1025). A plano-concave cylindrical lens (−25 mm focal
length) coupled with a +400 mm focal length plano-convex lens was used to gener-
ate a laser sheet. The central portion of the laser sheet (uniform within 80%) with
dimensions of 53 mm × 0.15 mm was used to image the distribution of OH radicals.
The emitted fluorescence was collected at a 90◦ angle with respect to the beam
path using an intensified CCD (ICCD) camera (Princeton Instruments PI-MAX4)
fitted with the same UV camera lens fitted with an OH bandpass filter. The ICCD
detection gate width was fixed at 100 ns to mitigate flame luminosity.
6.3.2 PLIF experiments
For OH-PLIF experiments, pure iso-octane was used as the fuel. For com-
parison of FWs and BWs, OH-PLIF was also performed on traditional cylindrical
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FWs [8, 47]. Fire whirls formed using iso-octane form soot, which results in their
yellow color, and the blackbody radiation can interfere OH fluorescence [66]. Thus,
liquid methanol was used as the fuel to avoid soot formation. For PAH-PLIF, a
50%-50% mixture (by volume) of iso-octane and biacetyl was supplied at the same
flow rate. Addition of this dopant was necessary since pure iso-octane does not
show significant PAH fluorescence [239,241,242]. Smaller volume concentrations of
biacetyl were tested, but even with very high laser power, a concentration of at least
40% was needed to obtain strong fluorescence signals. The PLIF images obtained
from the PI-MAX4 were 14-bit, with intensity values ranging between 0 and 16383.
For both OH- and PAH-PLIF, background images were obtained. An average of
the background was then subtracted from each frame of interest to ensure sufficient
dynamic range.
6.3.3 Chemiluminescence experiments
High-speed OH* and CH* chemiluminescence imaging was performed using a
complementary metal-oxide semiconductor (CMOS) camera (Photron SA-Z) cou-
pled to a high-speed intensifier (LaVision HS-IRO). A UV camera lens (+100 mm
focal length, f/2, B. Halle Nachfl) was used for focusing chemiluminescence signals
onto the detection system. Bandpass filters, 50.8 mm in diameter, for OH* (315
nm, Semrock FF01-315/15-50) and CH* (434 nm, Semrock FF01-434/17-50) were
mounted at the front end of camera lens, allowing greater than 90% transmission
of the respective signals and blocking all other interferences. The data acquisition
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rate was fixed at 1 kHz, with an exposure time and gain of 6 ms and 38% for OH*,
and 9 ms and 45% for CH*, respectively.
To obtain calibration images for the OH*/CH* intensity ratio, the BW appa-
ratus was replaced by a standard 38.1×38.1 mm2 Hencken burner [243]. CH4-air
flames were stabilized over the burner with the flow rate of dry air maintained at
14.28 slpm and varying the CH4 flow rate between 1.2 to 1.95 slpm to obtain equiv-
alence ratios (φ) between 0.8 and 1.3. Each flame was imaged for 0.2 s with the
settings described above. Obtaining the correlation between the OH*/CH* intensity
ratio and local equivalence ratio [32] is discussed in the rest of this section.
The relationship between chemiluminescence intensity ratio (I∗ = OH∗/CH∗)
and local equivalence ratio (φ) for methane and iso-octane was experimentally deter-
mined using Cassegrain optics and spectroscopic detection by Hardalupas et al. [192]
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While the blue whirls in this work were formed using iso-octane, methane was used
in the calibration Hencken burner. The relationship needed is that between I∗ and φ
for iso-octane using the optics used in this study. First, OH* and CH* measurements
of methane-air flames over the Hencken burner were obtained to calculate I∗Meth,cal














and represents the behavior of the imaging system to methane-air and iso-octane-air
flames. Combining the measured response I∗Meth,cal with the reference response I
∗
ref ,






where I∗Oct,cal is the required relationship between intensity ratio and φ in the imaging
system described above. Now, by capturing images of OH* and CH* in the BW, this
function can be used to obtain local φ in the blue whirl from I∗Oct,cal by extrapolation.
To calculate I∗Meth,cal, a set of 200 images of the Hencken-burner flame were
captured using the OH* and CH* filters for each value of φ ∈ [0.8, 1.3]. An average
was obtained using the 200 images, shown in Figure 6.2 for φ = 1. For each value
of φ, the maximum intensity in the streamwise direction (in the flow direction) was
obtained to determine the pixel location of the center of the flame in the image
frame. Using this center, an average of the intensity values was calculated for an
area of 200 pixels in the transverse direction and 7 pixels in the streamwise direction.
The sensitivity of the intensity to the streamwise pixel count is discussed in Figure
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Figure 6.2: Contour plots of 200-frame averages of (A) OH* and (B) CH*, in
methane-air flames at φ = 1 stabilized over a 3.81 cm Hencken burner.
6.6.
The average intensity values of each species for every equivalence ratio was
then normalized by the total flow rate of the air-fuel mixture and the intensifier
gain values used for each species. The relationship between I∗Oct,cal and φ depended




6.4.1 PLIF: OH and PAH
The distribution of ground-state OH in the BW is shown in Figure 6.3A. The
radial cross section through the center of the flame shows the highest signal intensity
at the edge of the blue ring, the anchoring point of the flame. OH exists in a hollow,
conical region above the blue ring, and the concentration diminishes continuously in
the axial post-flame direction. Previous chemiluminescence measurements of OH*
in the BW showed significant intensity only near the blue ring, and not in the post-
flame region [66]. The absence of excited-state OH* in the post-flame region is
attributed to the lower temperatures. In contrast, the higher temperatures in the
intense reaction zone near the blue ring permit the presence of OH* radicals. As
the temperature falls in the axial direction in the post-flame region [22], the excited
state OH* radicals are not present in sufficient concentration to show chemilumi-
nescence, but the ground-state OH is still present. The approximate width of the
ring, estimated as the peak-to-peak distance in this map, is about 12.5 mm. The
lift-off distance of the ring from the fuel surface is about 10− 15 mm.
In contrast to the BW, ground-state OH is present in a cylindrical structure
in the traditional FW. Figure 6.3B shows the lower portion of a tall FW formed
with methanol. The FW forms immediately over the fuel surface, showing negligible
flame lift-off distance. This cylindrical burning structure agrees with previous mea-
surements of temperature in the FW [7,8,91,93,97]. Previously, chemiluminescence
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Figure 6.3: Contour maps of ground-state OH in a radial plane of the (A) BW
formed with iso-octane, and (B) FW formed with methanol. (C) PAH signals in
the BW formed using a mixture of iso-octane and biacetyl. (D) Background signals
of PAH after extinction of the BW,caused by scattering of evaporating droplets of
fuel-dopant mixture. Additional figures for each species are presented in Appendix
C.
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measurements of sooty fire whirls suggested a similar structure [66], but the data
presented here eliminates any interference from broadband soot incandescence, rein-
forcing previous hypotheses that relied only on temperature measurements. Emmons
and Ying [8] suggested that the interior of the FW was a fuel-rich region consisting
of mostly fuel vapor, with a nonpremixed flame forming the flame sheet in a cylin-
drical structure. Lei et al. [97] also measured tangential velocity in the fire whirl,
which showed that the peak values were at this flame sheet.
PAH signals from the blue whirl are shown in Figure 6.3C. The bottom of the
image frame is ∼10 mm above the fuel surface. The peak-to-peak distance of PAH
signals at the bottom of the frame is ∼18 mm, showing that the two streaks with
high signal intensity are in the region immediately outside the blue conical region. In
these streaks, higher concentrations are found closer the fuel surface, upto a height
of ∼15 mm from the fuel surface (∼5 mm from the bottom of the image frame).
This is expected to be the the approximate location of the blue ring, with high fuel
concentrations below the ring and low concentrations above it. Between 15 and 25
mm from the bottom of the frame, the signals drop progressively to background
levels. The shape of the PAH signals shows that the fuel vapors are distributed in
a contour that is similar that of the BW, surrounding it. Background PAH signals
were quite high due to substantial scattering from droplets above the fuel pool. This
was visible even after blue whirl extinction as shown in Figure 6.3D. It is supposed
that this experimental challenge was not encountered in previous work [242] where
the fuel-dopant mixture was injected as a spray.
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6.4.2 Chemiluminescence
Individual frames of OH* and CH* chemiluminescence in the BW are shown
in Figure 6.4. Since the imaging rate is 1000 Hz, a sufficiently large number of
images exist for both OH* and CH* where the blue ring is captured as a straight,
horizontal line. The straight line represents the intensity observed as integrated
along the line-of-sight.
A number of such images were averaged, and Abel inversion was performed to
deconvolve the intensity data to the (r, θ, z) coordinate system (see Fig. 2 in [194]).
The deconvolved data was used to calculate the intensity ratio I∗ = (CH∗/OH∗)
at each r − θ location. A map of I∗ for the BW is shown in Figure 6.5. Detailed
descriptions of the image processing methods including criteria for image selection,
averaging, deconvolution, alignment of OH* and CH* images, and background sub-
traction are discussed in a forthcoming publication [244].
The map of I∗ around the blue ring shows that, qualitatively, there exists the
possibility of a triple-structure along the ring. At the outer edge of the ring, the
values of I∗ suggest that the rich branch is above the ring, and the lean branch
below it. On the inner edge, however, the location of the rich and lean branches are
reversed. The ring may be considered an edge flame since it shows poloidal motion,
propagating continuously in the azimuthal direction due to the effect of ambient
circulation.
The goal is to use the ratio I∗ to determine the local equivalence ratio (φ)
around the blue ring. This necessitates a calibrated relationship between the quan-
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Figure 6.4: Sequence of chemiluminescence images obtained at 1000 Hz, shown in
false color. Panels (i−v) show CH*, and panels (a−e) show OH*. Processed images
with intensity values are shown in Figures C.5 and C.6.
tities I∗ and φ. The calibration process using premixed methane-air flames stabilized
over a Hencken burner was described in section 6.3.3. I∗ = (CH∗/OH∗) and I∗Oct,cal





where I∗Oct,cal is as defined in section 6.3.3.
The variation of OH* and CH* signal intensity at different values of φ is
shown in Figure 6.6. As shown in Figure 6.2, the methane-air flames formed over
the Hencken burner are quite thin in the streamwise direction. Five different averag-
ing methods were evaluated for their sensitivity on the value of chemiluminescence
intensity. For each method, averaging in the transverse direction was done over 200
pixels around the center of the frame. The five methods are
(i) The maximum signal intensity of each species in the streamwise direction
(ii) 1-pixel average, centered at the pixel with maximum transverse intensity at
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Figure 6.5: Contour map of (CH∗/OH∗) in the BW. A radial location of r = 0
signifies a cross sectional plane through the center of the BW.
the center of the frame (area of 1× 200 px2)
(iii) 3-pixel average, with an area of 3× 200 px2
(iv) 5-pixel average, with an area of 5× 200 px2
(v) 7-pixel average, with an area of 7× 200 px2
As evident in Figure 6.6, the line-of-sight intensity values are weak functions of the
area over which the intensity data was averaged. The 7-pixel average was used to
calculate I∗Meth,cal.
The relationship between I∗ref and φ, calculated from Equations 6.1, 6.1 [32], is
shown in Figure 6.7A. The overall relationships between the (OH∗/CH∗) intensity
ratio in iso-octane and φ is shown in Figure 6.7B. The three curves represent the
three methods of normalization of the OH* and CH* intensity values (I, depicted
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Figure 6.6: Effect of the different averaging methods on the OH* and CH* intensity
counts. The 7-pixel average was chosen for determining I∗Meth,cal and thus, I
∗
Oct,cal.
in Figure 6.6. Normalization is required to take into account the two variables in
the imaging process: intensifier gain values (G) used for each species, and the total
mass flow rate (ṁH) of the fuel-air mixture flowing through the Hencken burner
at each value of φ. Additionally, normalization by the maximum value measured
was recommended by Jeong et al. [194], which helps bounds intensity ratio between
0 and 1. The maximum intensity measured (Imax) for both species was at φ = 1








Figure 6.7: (Left) Variation of I∗ref with φ, obtained using system responses for
methane and iso-octane in [32]. (Right) Calibration curve showing the overall re-
lationship between I∗Oct,cal and φ ∈ [0.8, 1.3] for the three different normalization
methods.




The three methods resulted in the three curves shown in Figure 6.7. The curve
fit for each normalization method is a third-order polynomial of the form
I∗Oct,cal(φ) = aφ
3 + bφ2 + cφ+ d (6.6)
The values of a, b, c and d are shown in Table 6.1. The normalization methods
result in similar shapes of the polynomial functions, and may be considered to be
just displaced in the ordinate direction, with differences in the I∗Oct,cal intercept. Dif-
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Table 6.1: Coefficients for the third-order polynomial functions relating I∗Oct,cal and
φ, shown for the three methods used to normalize I.
Normalization
method a b c d R2
A 3.383 -9.056 8.291 -2.126 1
B 4.007 -10.72 9.818 -2.517 1
C 4.745 -12.7 11.63 -2.981 1
ferences in response between different normalization procedures has been previously
been shown to significantly affect the calibration curve (see Fig. 9 in [245]).
In spite of the similar shape for each of the calibration curves for the different
normalization methods, the calibration curve cannot be directly used to determine φ
in the BW. This is because the normalization methods necessitate normalization by
the total mass-flow rate to account for the population density of the reactive species,
and an arbitrary maximum, which was found at φ = 1 for both OH* and CH*.
Determining the local flow rate around the blue whirl and the arbitrary maximum
are challenges since they present an open ended problem − no assumptions can
be made about either of these parameters since doing so will fix either the global
equivalence ratio or the stoichiometric conditions (φ = 1) at some arbitrary value
of I∗Oct,cal.
One potential solution is to use data from numerical simulations of the BW
[33,72] to first determine an iso-surface of φ = 1 near the blue ring, then identify the
corresponding region in the map of I∗. The value of I∗Oct,cal at that radial location
in the BW will represent the known value of φ = 1, which then provides a way to
quantify the distribution of φ around the blue ring. This is outside of the scope of
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OH-PLIF images show that ground-state OH concentration is highest at the
blue ring, where the flame is anchored. The concentration diminishes continuously in
the post-flame region, forming a hollow conical structure. The high concentration of
OH at the ring supports previous observations of high OH* concentration there− the
high temperatures enable the existence of OH* at the ring, but as the temperature
reduces in the post-flame region (termed “purple haze” [23, 65]), only ground-state
OH exists. Heat release is expected to occur in the haze region, but at much lower
rates than at the ring. Measurements of HCO, or simultaneous imaging of OH and
HCHO, are required to quantify the heat-release rates in the different regions.
The concentration of fuel vapor increased with axial distance and peaked at
the region immediately upstream of the blue ring. PAH-PLIF images also showed
that no fuel was present within the recirculation zone. The absence of OH and PAH
fluorescence signals in the recirculation zone indicates that the region is dominated
by products, potentially aiding the ignition process and stabilizing the flame by
acting as a flame holder.
Occasionally, small particles of soot emanating from the ring are observable
due to faint incandescence (see Appendix C, and Supplementary Figures, Figures
S.1 and S.2 ). They generally accelerate in the axial direction due to buoyancy, and
the visible incandescence reduces as the particles move through the purple haze.
The reduction in incandescence is postulated to be because of the availability of OH
to, at least partially, oxidize the soot particles. This leads to a situation similar to a
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perfect candle flame, where soot is formed in the flame, but is completely oxidized
in the leaner regions of the flame [131,132]. Of course, the production of soot is not
continuous in the BW, owing to the partially-premixed nature of the flame.
Traditional triple flames are typically studied using opposed flow burners [246–
248], and chemiluminescence measurements of the BW suggest that the blue ring is
likely to be a propagating triple (edge) flame formed under the influence of ambient
circulation and within the radial boundary layer of the whirling flame. The locations
of the rich and lean branches depend on the radial location. A major portion of
the ring shows the rich branch located below (in the axial direction) the ring, with
the lean branch above it. The lower blue cone is then expected to be a partially-
premixed rich front, as postulated by Coenen et al. [23]. Numerical simulations by
Chung [33] generally agree with this structure, although a nonpremixed (diffusion)
flame was proposed to exist in the fuel-lean post-flame region with heat-release rates
comparable to that at the blue ring. Experimental data does not show significant
presence of OH* or PAH to support a separate reaction front in the purple haze. A
“wing-like” lean front is more likely, visible when imaging total chemiluminescence
(Supplementary Figures, Figures S.1 and S.2 ). Numerical simulations of the blue
whirl (Figure 6.8) show significant heat release in the purple haze region, which
agrees with measurements of OH, but not with OH*. Finally, the location of the
rich and lean branches seem to reverse at the very edge of the ring, possibly a
part of the “wing” seen in the numerical simulations and total chemiluminescence
mesaurements. This aspect needs to be investigated further in future work.
Quantities of less than 5% by volume of biacetyl were recommended in previous
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Figure 6.8: Contours of flame index (indicating level of premixing), equivalence
ratio and temperature heat-release rate in the blue whirl, obtained using numerical
simulations. Figure adapted from [33].
work [239], but sufficient signal levels were not observed for these small quantities
when used in the blue whirl. The fraction had to be increased to 50% biacetyl
in the fuel mixture for PAH-PLIF − this affects both evaporative characteristics
of the fuel and chemical kinetics in the blue whirl. A significant fraction of the
biacetyl was not consumed by the flame and remained over the metallic surface
over which the fuel was supplied. The results presented here are sufficient to make
conjectures that the lower blue cone is the rich front and the purple haze is the
lean front, but probing mixing dynamics will require a technique to visualize fuel
evaporation without the dopant interfering with either the diagnostic technique or
combustion chemistry. Additionally, since PAH is basically a precursor to soot, and
no soot is eventually formed in the blue whirl, the measurements are only qualitative.
Determining density counts will require the utilization of other optical techniques.
Using these results, a 2-D representation of fuel and air flow around the blue
whirl is represented in Figure 6.9. The blue ring is the widest part of the flame,
and the diameter is always smaller than the fuel pool over which the flame stabilizes
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Figure 6.9: A simplified schematic of the flame structure of the blue whirl, based
on measurements of OH, PAH, OH* and CH*.
[22,23]. The strong radial entrainment at the bottom surface helps concentrate the
evaporating fuel into a small region above the fuel pool. The strong radial boundary
layer influences the conical shape of the lower part of the flame and the lift-off of the
ring [23], which stabilizes at the region where the fuel-air mixture has the highest
reactivity. Mixing begins in the region outside the lower blue cone, and the highest
concentration is seen immediately below the ring. Some fuel vapor may react in
the lean flame of the purple haze, although there is a possibility that some vapors
are not entrained towards any of the reaction zones. This is postulated from PAH-
PLIF signals that peak near the ring, but decrease in intensity in the axial direction
(Figure 6.9). The shape of the vortex-breakdown bubble and the recirculation zone
determines the flow path around the bubble towards the blue ring region. The
lower blue cone, in addition to being the rich branch, may support heat release
in the form of low-temperature hydrocarbon cracking, causing low-intensity visible
radiation. The details of the recirculation zone are not depicted in Figure 6.9 since
185
the dynamics are not evident from the diagnostics used in this study.
The composition of the region within the conical region is still unclear, and
previous work on vortex breakdown in both reacting [59,232] and non-reacting [229,
231] bubble modes of vortex breakdown suggest that the interior of the bubble may
be composed mostly of combustion products. This may also be diluted by additional
entrainment by flow in the reverse axial direction. This needs to be verified by
imaging CO∗2 or H2O. The proposed structure is for a stable blue whirl and detailed
diagnostics are required to study the mixing dynamics during a transition from a




An experimental investigation of the blue whirl was performed to identify
the distribution of different radicals in the flame. PLIF was used to identify OH
and PAH, and chemiluminescence to image OH* and CH*. The results present
qualitative insight to the flame structure, which is expected to be a lifted triple-
flame under ambient circulation. The flame is stabilized at the blue ring, with the
rich branch formed by the lower blue cone, and the lean branch formed by the purple
haze region. A large fraction of the heat release occurs at the ring, due to the high
concentration of OH in the region, with the possibility of some heat release in the
post-flame (purple haze) region where OH concentration diminished continuously in
the axial direction. Quantifying the relative rates of heat release in these regions
requires either HCO imaging, or simlutaneous measurements of OH and HCHO.
The ratio of OH* and CH* signal intensities used to determine the rich and
lean edges are as yet uncalibrated due to the effects of data normalization. Data
normalization could be performed for standard, premixed, methane-air flames, but
the procedure could not be extended to images of the blue whirl due to the necessity
of knowing the local flow rates in the blue whirl and the requirement of an arbi-
trary maximum value. Previous studies that used the chemiluminescence-intensity
ratios of different radical species to determine heat-release rate or equivalence ratio
typically use the calibration process that is validated by numerical modeling [187]
or limit the procedure to observing only the calibration flame [194]. Calibration
using premixed flames to extrapolate properties to partially-premixed flames has
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also not been attempted earlier. This approach needs to be investigated further
to determine applicability to complex flames such as the blue whirl. Additionally,
the subtraction of chemiluminescence from CO2* also needs to be accounted for in
future simultaneous OH*/CH* experiments [249].
The absence of OH or PAH signals in the recirculation zone indicates that it
is composed of combustion products, which act as a flame holder, stabilizing the
blue ring, enabling thermal cracking of the fuel at the edge of the lower blue cone,
which exhibits visible faint blue signals. CO2 and H2O imaging could be performed,
possibly in the IR range, to confirm this. The dynamics of the mixing process
outside the blue cone are still unclear, and certain experimental challenges need to
be overcome to probe this. For instance, the wandering of the flame needs to be
suppressed such that simultaneous imaging of OH/PAH-PLIF can be performed for
a sufficient period of time at high speed to track the flow of fuel towards the reaction
zone.
The qualitative results obtained in this work present explanations for the ther-
mal structure previously established in the literature. They also present sufficient
qualitative understanding of the flame structure and mixing that can be supple-
mented by concurrent efforts in numerical simulations, and also a foundation for
future quantitative, simultaneous, multi-species measurements.
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Chapter 7
Conclusions and Future Directions
Whirling flames have been a subject of academic interest for many decades
as they present a phenomenon involving complex interactions between combustion,
heat transfer and fluid instabilities. Experimental, theoretical and numerical ap-
proaches have focused on each of the above aspects with the aim of understanding
the mechanisms that lead to their formation. Early studies were devoted to pre-
dicting fire-whirl occurrence during urban or wildland fires, and although progress
has been made in this front, limitations still exist in extending the knowledge to
real-world scenarios.
In contrast to whirling flames, the field of swirl combustion is quite mature,
given the extensive relevance to applications in propulsion and energy conversion.
One crucial difference between these fields is the difference between length scales of
experimental investigations in the laboratory and that of the real-world applications;
in swirl combustion, the length scales of laboratory study are very close to that
in actual applications: in the case of fire whirls, however, laboratory studies can
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sometimes be orders of magnitude smaller than the real-world scenarios they seek
to understand and explain. Despite this, substantial progress has been made in the
understanding of fire whirls.
Emissions from fire whirls
This dissertation explored aspects of whirling flames that were not considered
previously in the literature and is motivated by potential applications in environ-
ments that are relatively controlled when compared to wildfires. First, the emissions
of particulate matter (soot) were measured for fire whirls and compared to those
from free-buoyant pool fires to evaluate the potential for fire whirls to reduce the im-
pact of airborne emissions during in-situ burning of spilled oil. Measurements were
performed for pool fires and fire whirls formed with two liquid fuels, n-heptane and
ANS crude oil. The length scales chosen ranged from typical typical laboratory scale
pools (10, 20, 30 cm in diameter) to length scales that can represent characteristics
of field trials (70 cm).
Fire whirls had higher burning rate and fuel-consumption efficiency, and lower
emission rates of particulate matter, all of which led to lower emission factors. This
was consistent at the four pool diameters and for both fuels. Phenomenological
relationships between global scaling parameters such as Rossby number and nondi-
mensional heat-release rate showed that the emission factor of particulate matter
from a whirling flame decreases as the effect of ambient circulation on the fire in-
creases. These relationships do not provide a predictive methodology for estimating
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the reduction in emissions by burning a pool of liquid fuel as a fire whirl rather
than a pool fire, but present a foundation for further improving developing these
approaches by studying the effects of circulation and heat-release rate on emissions.
Further, challenges in the domain of engineering and implementation were not ex-
plored; rather, a fundamental hypothesis has been tested and confirmed, providing
strong justification to subsequently consider more detailed research.
Studies on the blue whirl
Next, the blue whirl, an ideal state of a whirling flame producing no particulate
emissions was analyzed. The transition from the traditional fire-whirl regime to the
blue whirl was explored using a scaling analysis to quantify the roles of local buoyant
and tangential momenta. The transition from a buoyancy-dominated regime to a
circulation-dominated regime correlated to the establishment of a recirculation zone
and the onset of the bubble mode of vortex breakdown. Here, dependent variables
based on flame geometry were used as characteristic length scales for normalization
of heat-release rate and circulation. At this stage, this limits the potential to predict
transition to the blue whirl at length scales larger than those tested. Still, the results
presented help definitively answer why the transition occurs, and to quantitatively
differentiate between different regimes of whirling flames, with scope to improve the
deterministic capabilities by developing simple empirical relationships between fixed
dimensions of the experimental apparatus and those of flame geometry. Finally, the
distribution of OH, PAH, OH* and CH* radicals in the flame indicate potential for
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the blue ring to be a triple-flame, with the lower blue cone forming the rich branch
and the purple haze forming the lean branch.
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7.1 Future Work
Fire-whirl formation and emissions
Emissions from fire whirls were consistently lower for all pool diameters. But,
as mentioned above, the formation conditions where not the same for fire whirls
formed at the different length scales. This affects the geometry of fire whirls, and
consequently their burning characteristics and efficiency. One aspect that may be




The values of Aratio for the different values of D in this study are shown in Figure
7.1. Aratio needs to be constant for fire whirls formed at different values of D to
ensure that the entrainment conditions are similar. Since flame area is important
parameter influencing burning efficiency, ensuring the maximum flame height at
each length scale will permit evaluation of the maximum possible value of burning
efficiency at each scale.
From this work, it is evident that FWs have higher flame surface area as
compared to PFs. But the data at the different scales are vastly different in terms
of the effects of Gr and external Re. So, experiments in a given regime, preferably
the laminar regime with pool diameters below 10 cm, are required to study the
influence of circulation on emission factor.
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Figure 7.1: Variation of Aratio with D. Lineat fit shown has a R
2 value of 0.96.
Secondly, the effects of circulation and buoyancy need to be investigated inde-
pendently. In the literature, flame geometry data for pool fires and fire whirls formed
at similar values of Q̇ are available [106], but the experimental apparatus can vary
significantly. Particularly, the bottom boundary over which the fires are formed are
important − the presence of a lip can cause large differences in ṁ (see Fig. 5 in [8]).
Independent control over Γ and Q̇ requires a setup with forced entrainment, enabled
by a spinning mesh or a bank of fans to control entrainment velocity, thus fixing the
value of Γ. Results from preliminary experiments comparing the effects of natural
and forced entrainment on liquid-fueled fire whirls are included in Appendix A. Q̇
can be controlled separately by the use of a gaseous burner. While experiments
with such arrangements have been performed in the past, emissions data for these
conditions do not exist. Experiments with a spinning mesh can also help study the
effects of flame stretch and residence time on soot formation.
More generally for fire whirls, the linear relation between heat-release rate and
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circulation exists only up to a certain point in natural entrainment configurations.
Additionally, the linear relationship between flame height and circulation exists only
if Γ∗f ∈ (0, 1). Over-rotated FWs reduce in height, with corresponding increase in
flame width. For all these cases, the relationship between heat-release rate and
flame area needs to be investigated. A systematic study of pool fires, and fire whirls
formed over a range of externally-controlled circulation, are needed over a wide
range of heat-release rates to observe the effect of flame area on emissions.
Other gaseous species such as SOx and NOx need to be measured for comparing
pool fires and fire whirls. Given that temperatures are lower than 1800 K, it is
unlikely that NOx formation is a major concern. Unburned hydrocarbons need
to be measured directly using methods such as Flame Ionization Detection (FID)
rather than estimation using the carbon balance method, which requires assumptions
regarding the composition of combustion products. Additionally, an analysis of the
post-combustion residue can help understand the effects of high heat feedback on
the residue.
Another aspect of this work is to investigate the effect of fuel slick thickness and
boilover on emissions. Characteristics such as burning rate can change significantly
with time when burning crude oil, and the composition of the emission species
is also expected to change over extended periods of time. Boilover can occur in
laboratory-scale experiments, but is not observed in field conditions. By varying
the fuel layer thickness, regular burning can be sustained over a longer duration,
resulting in combustion of a broader range of hydrocarbons from the crude oil.
Increased slick thicknesses can also delay boilover, causing a longer duration
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of normal burning, making emissions less dependent on test conditions such as pool
diameter. This is a more practical approach to evaluate fire whirl use in ISBs.
Other practical concerns also include evaluating the efficacy of fire whirls on crude
oil under varying degrees of weathering.
Finally, the exact mechanisms of mixing and combustion in the fire whirl are of
immense importance to understanding its emissions behavior. The dynamics at the
base of the fire-whirl structure are important since most of the entrainment occurs
there, and the mixture fractions and turbulence intensity in that region determine
the shape and regime of the fire whirl. These characteristics are best explored using
non-intrusive laser diagnostics, both absorption and emission spectroscopy. Such
experiments can then serve as a foundation to validate numerical simulations with
detailed chemistry.
Future studies of the blue whirl
Similar to the fire whirl, the mixing dynamics and the mechanisms of flame
stabilization at the blue ring are important to advancing our understanding the blue
whirl. Here too, there is a need for using non-intrusive and high-speed diagnostics
to probe multiple reactive species simultaneously. This will help understand the role
of the ring, the recirculation zone and the blue conical region. More importantly,
visualization of the change in the nature of the flow during the transition from a fire
whirl a blue whirl is necessary to understand the development of the recirculation
zone and the ring lift-off. The optical-diagnostic results presented in this work
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need to be quantified: density counts of HCO, or OH and HCHO, are needed to
quantify the local heat-release rate. These can also help validate and calibrate
existing numerical models of the blue whirl.
Before such experiments are possible, there is a need to develop a burner that
can stably form the blue whirl using a gaseous fuel and eliminates flame wander.
Flame wander is intrinsic to whirling flames, but limiting it to within one burner
diameter will aid in obtaining a sufficient amount of data to analyze the transition
processes.
For the bubble mode to appear, axial momentum must be overcome by tan-
gential momentum [229, 230, 250], and this is more likely to occur when Γ∗f > Q̇
∗
f
(Chapter 5). Although vortex breakdown is a phenomenon occurring in the vicinity
of the flame, the axial profile of tangential velocity at the inlet for the blue whirl [24]
is quite different from the typical velocity profile measured for a quasi-steady on-
source fire whirl [251]. While the measurements in this study are made at the inlet
section, the flow field in the vicinity of the blue whirl is unclear and deserves further
study.
Practical applications of the blue whirl are still an open question. The lami-
nar nature of the flame, in addition to high sensitivity to experimental conditions,
make it unlikely to be used in applications such as power generation or propulsion.
It could, however, potentially serve as a canonical model to study vortex break-
down under the influence of heat release at low Reynolds number (low turbulence
intensity). A preliminary study of whirling flames under microgravity was recently
performed [83]. Microgravity conditions may offer an alternative method of study-
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ing the blue whirl since the effect of buoyancy is suppressed, providing the impetus
for vortex breakdown to occur in whirling flames
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7.2 Contributions
This work has contributed to whirling-flame literature in three areas not ex-
plored previously. First, the potential for practical utilization of whirling flames
have been shown, which advances our knowledge of whirling flames beyond tra-
ditional considerations of safety during unwanted urban and wildland fires. The
lower particulate-matter emissions from whirling flames present a platform to eval-
uate considerations of practicality and the engineering of devices for remediation or
even energy conversion applications. Second, circulation- and buoyancy-dominated
regimes were identified in whirling flames, and the transition to a circulation-dominated
regime was shown to correspond with the occurrence of the bubble mode of vortex
breakdown, resulting in blue-whirl formation. These results, while presented in the
context of reacting flows, can be extended to non-reacting flows as well. Finally, the
near-limit blue whirl was shown to have a flame structure similar to that of a triple
flame, anchored at the blue ring region. The above contributions have been dissem-
inated in the form of project reports, conference presentations and proceedings, and
peer-reviewed journal articles, listed below.
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Appendix A: Effect of Entrainment Conditions on PM Emis-
sions from Fire Whirls
A.1 Overview
The experimental results discussed in Chapters 3 and 4 represent conditions
where fire whirls were formed under natural entrainment, i.e., circulation is not
imposed externally on the fire. Rather, the circulation is intrinsically coupled with
the heat-release rate of the fire whirl and depends, to a certain extent on the gap
size in a four-walled setup. This means that only one combination of heat-release
rate and circulation are permitted for each scale, similar to experiments with the
blue whirl discussed in Chapter 5.
To decouple the effect of heat-release rate and circulation, heat-release rate
is maintained constant by controlling fuel-flow rate in a gaseous-fuel burner, and
externally-controlled air entrainment is be imposed by means of a rotating mesh
(such as the early Emmons-type apparatus [8]) or using a bank of fans to control
the inlet velocity. Most experimental setups in the literature do not use the fan-
based setup, although recent work on micrgravity fire whirls used this setup [83].
In such apparatus with forced entrainment, heat-release rate and circulation remain
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coupled if a condensed-phase fuel is used.
For a fuel pool of given diameter, it is of interest to understand the effect
of different entrainment conditions on PM emissions from fire whirls such that the
ideal level of ventilation may be designed for a practical device. Hence, preliminary
experiments were performed with 70 cm pools to determine the effect of enclosure
gap size and different levels of forced entrainment. The results discussed here are
primarily qualitative since Uθ was not measured, and therefor an estimate of cir-
culation was not possible. Still, these results still help in understanding that an
optimum condition exists, and provide insight on how to design future experiments
to identify the combinations of circulation and heat-release rate that result in the
low values of EFPM for a given D.
A.2 Experiments
Experiments with diesel fuel were conducted only at the 70 cm scale, and
details of the general setup and PM measurements have been presented in sections
3.2 and 4.2. For experiments with heptane and ANS crude oil, gap size in the four-
walled configuration was kept constant for all experiments. For the 70 cm fuel pool,
the enclosure side was 175 cm with a fixed gap size of 45 cm. The fuel used was
automotive-grade diesel due to its low cost and easy accessibility.
The different experimental conditions in this study are shown in Table A.1.
Four natural-entrainment (NE) conditions were studied by varying the gap sizes
between 35 and 65 cm. Four forced-entrainment (FE) conditions were studied with
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Table A.1: Experimental conditions for the different air entrainment conditions for





















55 175 240 2000Forced: Level 1
Forced: Level 2
Forced: Level 3
a fixed gap size of 55 cm and positioning a box fan at each of the four inlets. The box
fan (50× 50 cm2, Lasko Model 3733) could be operated at three speeds, although a
characterization of the flow profile or outlet velocity are not available at this time.
The fans supplied air only to the lower part of the enclosure, and future experiments
at smaller scales will be required to design inlets that supply air along the entire
height of the enclosure. For comparison, a pool fire experiment was also performed.
For all experiments, 2L (5 mm slick) of diesel was used. For each of the conditions
listed in Table A.1, only one experiment was performed. Thus, there is no estimation
of error, and the results from this preliminary study may be used as a platform to
design systematic multi-scale experiments in the future.
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A.3 Results and Discussion
Similar to ANS crude oil, pool burning of diesel left behind a residue. This
residue, however, could not be collected using the 3M adsorbent pads for mass
measurement. Right before extinction, a distinct crackling noise was also audible,
similar to boilover, but existed for only a few seconds. The PM emission rate
for each of the different conditions in Table A.1 is shown in Figure A.1, and the
corresponding PM emission factors are shown in Figure A.2. The burning duration
for the NE conditions are slightly higher than for the FE conditions. The peak
emission rate under NE occurs at a gap size of 35 cm, and is higher than the
peak emission rate from the pool fire. The average emission rate is lowest for a
55 cm gap, and is lower than that for the pool fire, similar to previous results for
non-boilover burning of heptane and ANS crude oil. In the case of FE, the peak
emission rate increases continuously with fan speed, with the highest concentration
being exceeding the DustTrak’s measurement limit after ∼100 s.
For the 70 cm pools burning heptane and ANS crude oil, EFPM of fire whirls
was around ∼50 % of that of pool fires (Figure 4.5). For diesel, however, the
reduction in EFPM by fire whirls is not as significant. EFPM reduces continuously
with gap size, and the value levels off after 55 cm. With FE, the lowest EFPM occurs
at the lowest inlet velocity, but then increases continuously with fan speed. At the
highest fan speed, the EFPM for the FW is higher than that for a pool fire . These
results suggest that a unique combination of gap size and inlet velocity (or Γ), that
results in the lowest EFPM, exists for a given fuel pool diameter.
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Figure A.1: Dependence of PM emission rate on gap size for the naturally entrain-
ment cases (top), and fan speed on the forced entrainment cases (bottom) for fire
whirls formed over a 70 cm diesel pool.
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Figure A.2: PM emission factors for fire whirls formed over a 70 cm diesel pool.
Dependence on gap size for naturally entrainment cases (top), and dependence on
fan speed for forced entrainment cases (bottom).
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Results in Chapter 4 showed the importance of the relative influences of buoy-
ancy and circulation on EFPM. The primary effect of changing gap size or adding
forced entrainment is to change the level of circulation on the fire. These results
show that for a given fuel pool diameter, natural air entrainment does not offer the
ideal conditions for lowest PM emissions. Some level of external forcing is required,
which increases circulation, and for liquid fuel pools, alters the heat-release rate.
Gabler’s work on asymmetrically whirling flames formed using gaseous fuels
[252] presents a method to analyze the influence of varying momenta in different
directions on NOx and CO emissions. The nondimensional Damköhler number (Da)
was used to explain some of the emissions behavior. The effect of Damköhler number
(Da) is typically associated with extinction [253], and has recently been shown to
significantly affect the transition from a fire whirl to a blue whirl [82].
Similar to Gabler’s approach [60,84,252], it is proposed that the mechanism of
soot emission from fire whirls may need to be related to flow characteristics defined
based on the relative time scales (derived from local flow velocities) in the two
directions of interest - axial, due to buoyancy, and azimuthal, due to air entrainment.
These quantities may be used to define a Froude number (Fr) and analyze the effects
on EFPM. For this, an estimate both of axial [7] and azimuthal velocity [54] in the
vicinity of the flame sheet at different heights. For more global descriptions, a scaling
approach still needs to be used by defining nondimensional quantities representing
circulation and heat-release rate. Characteristic axial and azimuthal time scales
may be determined based on appropriate length scales which may be either the fuel
pool diameter, fire whirl height and width, ratio of of gap size to enclosure side etc.,
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depending on the type of forced entrainment used in the experiment.
A.4 Conclusions
Circulation controls many properties of the fire whirl including flame height
and width, temperature, heat-flux feedback etc. Additionally, for condensed-fuel
flames, it also affects burning rate. Lei et al. [92] showed that fire whirl height
first increases with Γ, then decreases, while flame width follows the opposite trend.
Circulation and heat-release rate are intrinsically coupled in apparatus with natural
air entrainment and only one combination of these quantities can form stably for
a given set of dimensions such as pool diameter, enclosure side (or diameter), gap
width and enclosure height. Preliminary results have shown that this combination
of circulation and heat-release rate under natural entrainment does not lead to the
lowest possible particulate matter emission factor. Rather, a small level of externally
forced entrainment leads to a reduction in the emission factor. This reduction is
attributed to some additional air available for combustion at the lower region of the
fire whirl, and enhanced mixing.
The preliminary experiments involved only one fuel pool diameter, and only
one test for each of the different entrainment conditions. A more systematic ap-
proach, similar to those discussed in Chapters 3 and 4 is needed to fully understand
the effects of forced entrainment on pollutant emission at different length scales.
This would also provide an estimate of the experimental errors associated with the
measurements. For this, suitable apparatus need to be designed to identify differ-
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Figure A.3: Influence of equivalence ratio and in-cylinder temperature on soot and
NO emissions from an internal combustion reciprocating engine. Figure from [34].
ences between the popular rotating mesh setup and the fan-based setup. This would
also help generate a fire-whirl behavior map for liquid-fueled fire whirls, following
the approach of Lei et al. [92] for a gas burner.
Effects of Da and Fr could be incorporated into the analysis to include the
effects of local flow properties and fuel chemistry to generate a topological map of
the influence of important parameters on soot emissions from fire whirls. Similar
approaches are used in other fields such as IC engines, for which in-cylinder pollu-
tant production is controlled by local equivalence ratio and temperature [17, 254].
High temperatures and low equivalence ratios favors production of NO, while low
temperatures and high equivalence ratios favors production of soot (see Figure A.3,
adapted from [34] and pertaining to pressures above atmospheric conditions). For
fire whirls and jet flames under swirling flow fields, characteristic Da and Fr num-
211
bers may be used to explain particulate matter emission by including the effects
of chemistry and identifying the right operating conditions that are required for an
engineering device. One possibility for field use may be a burner based on a large
pilot-ignited spray flame, described in detail by Tuttle et al. [255].
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Appendix B: Supplementary Material to Chapters 3 and 4
This appendix contains additional data and figures as supplement to Chapters
3 and 4. The different line colors in Figures B.1−B.9 depict individual experimental
trials.
Table B.1: Experimental variability in the estimation of ηfuel for ANS fires atD = 70
cm.




Test 1 2400 388 83.8
Test 2 2450 375 84.7
Test 3 2550 390 84.7
Test 4 2400 377 84.3
ANS FW
(7 mm)
Test 1 2360 362 84.67
Test 2 2360 386 83.6
Test 3 2400 401 83.3
Test 4 2400 382 83.9
ANS PF
(5 mm)
Test 1 1710 284 83.4
Test 2 1710 304 82.2
Test 3 1710 315 81.6
ANS FW
(5 mm)
Test 1 1710 284 83.4
Test 2 1710 285 83.3
Test 3 1710 295 82.7
Test 4 1710 298 82.6
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Table B.2: Experimental variability in the estimation of ηfuel for ANS fires at D =
[10, 20, 30] cm.
D Regime Initial mass Residue ηfuel
[m] [g] [g] [%]
10
PF
Test 1 33 18.1 45.1
Test 2 33 19.7 40.4
Test 3 33 61.4 40.4
FW
Test 1 33 16.35 50.45
Test 2 33 16.3 50.7
Test 3 33 15.8 52.2
20
PF
Test 1 132.5 83.1 37.3
Test 2 128.5 58.1 54.8
Test 3 129.3 61.4 52.5
FW
Test 1 132.9 64.2 51.7
Test 2 132.9 53 60.1
Test 3 132.9 60.3 54.6
30
PF
Test 1 313.3 163.5 47.8
Test 2 306.8 126.1 58.7
Test 3 310 112 63.9
FW
Test 1 310.4 99.7 67.9
Test 2 314 182.3 41.9
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Figure B.1: O2 consumption, D = 10 cm.
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Figure B.2: O2 consumption, D = 20 cm.
216
Figure B.3: O2 consumption, D = 30 cm. Panel B shows results from six different
experiments.
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Figure B.4: CO2 emission rate, D = 10 cm.
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Figure B.5: CO2 emission rate, D = 20 cm.
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Figure B.6: CO2 emission rate, D = 30 cm.
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Figure B.7: CO emission rate, D = 10 cm.
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Figure B.8: CO emission rate, D = 20 cm.
222
Figure B.9: CO emission rate, D = 30 cm.
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Figure B.10: Experimental variability in the measurement of ṁ at D = [10, 20, 30]
cm.
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Figure B.11: Average values of centerline temperature measured at different axial
distances for PFs and FWs formed with heptane and ANS crude oil.
225
Figure B.12: Maximum values of centerline temperature measured at different axial
distances for PFs and FWs formed with heptane and ANS crude oil.
226
Figure B.13: Rez, estimated as (ṁ
′′D/ρ)/ν, with ρ and ν evaluated at Tfilm. The
values of Tfilm for heptane PF, heptane FW, ANS PF and ANS FW were 675 K, 800
K, 650 K and 725 K, respectively. The ratio (ṁ′′/ρ) is Uz=0, the spatially averaged
value of fuel evaporation at the fuel surface.
Figure B.14: Reθ, estimated as Γ/ν.
227
Figure B.15: Riz, estimated as Gr/Re
2
z.




Figure B.17: Fuel Froude number, Frf , estimated as (ṁ
′′2)/(ρ20gD) [11], with ρ0
evaluated at T0 = 300K.




Appendix C: Supplementary Material to Chapter 6
C.1 Chemiluminescence data of premixed methane-air flames
Figure C.1: Average contours of CH* chemiluminescence intensity, maximum inten-
sity and location indices of maximum intensity for φ = [0.7, 0.8, 0.9, 1.0].
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Figure C.2: Average contours of CH* chemiluminescence intensity, maximum inten-
sity and location indices of maximum intensity for φ = [1.1, 1.2, 1.3, 1.4].
231
Figure C.3: Average contours of OH* chemiluminescence intensity, maximum in-
tensity and location indices of maximum intensity for φ = [0.7, 0.8, 0.9, 1.0].
232
Figure C.4: Average contours of OH* chemiluminescence intensity, maximum in-
tensity and location indices of maximum intensity for φ = [1.1, 1.2, 1.3, 1.4].
233
C.2 Chemiluminescence and PLIF: BW
Figure C.5: CH* in the BW.
234
Figure C.6: OH* in the OH.
235
Figure C.7: Individual frames showing PAH in the BW.
Figure C.8: Individual frames showing OH in the BW.
236
Figure C.9: Sequence of frames showing OH in the FW. Two frames (top right,
bottom left) show a tendency to transition to the BW, evidenced by the bulging of
the flame sheet, but the flame stays in the FW regime in the following frames.
237
C.3 Flow in the post-flame region of the blue whirl
Close observation of the BW shows the emanation of small, short-lived soot
particles from the blue ring. They are visible briefly before being consumed in the
post-flame region. The is visible when total chemiluminescence was imaged at high
frame rates (see Supplementary Material, Figures S.1A and S.2A). These soot traces
may be used to estimate roughly the residence time of soot within the post-flame
region and the Damköhler number (Da). Since the diameter of each particle cannot
be measured from the incandescence, it is assumed here that the Stokes number
(Stk) is low enough that it closely follows the local flow path.
The path lines of some soot particles tracked using the Fiji version of Im-
ageJ [256]. Each instance of soot-particle emanation was tracked using the “Manu-
alTrack” feature in Fiji. The overlayed tracks are shown in Supplementary Material,
Figures S.1B and S.2B). The vectors for some cases are shown in Figure C.10. Most
instances involved a particle following a trajectory in the axial direction, but some
particles first showed an azimuthal trajectory before eventually exiting the flame in
the axial direction. One such instance is shown in Figure C.10B.
Although the motion of the soot particles is in 3 dimensions, the projected
velocity of each particle was determined using the tracking-coordinate data and the
inter-frame time (0.04 s). The magnitudes of horizontal, vertical and total velocity
(u,v, |~u|) are summarized in Table C.1.
The Damköhler number is defined as [17]
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Figure C.10: Vectors showing the instantaneous velocity of two examples of soot





where τflow and τrxn are the characteritic flow and reaction time scales. The two









where τ is the characteristic time scale, Vflame is the laminar flame speed of iso-
octane at 1 atm [257]. Using the limits of |~u| from Table C.1 and an average
BW diameter of 20 mm, τflow was calculated to be in the range (0.5, 1) s. Using
values of Vflame from [257] and a ring thickness of 1.5 mm, τrxn was estimated as
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Overall Mean 12.6 23 27.3
Std. deviation 8.1 7.6 8.2
Video 2
Overall Mean 9.6 15.6 19
Std. deviation 6.6 12.7 12.9
Video 3
Overall Mean 16 27.7 34.5
Std. deviation 7.8 23.7 21.3
≈ 0.004 s. Thus, the estimate of Da is in the range of (125, 250). The velocity
measurements are in the post-flame region, and the upstream flow velocity can be
calculated by adjusting for the excess temperature. Assuming the average postflame
temperature as 1500 K, the upstream velocity reduces by a factor of 1500
300
, which
results in τflow ∈ (0.1, 0.2) and Da ∈ (25, 50).
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Barberà, Laura Bouso, Yolanda Torralba, Josep M. Antó, Federico P. Gómez,
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